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ROLE OF RIBOSOMAL PROTEIN uS9/yS16 IN TRANSLATION INITIATION
AND ELONGATION IN YEAST Saccharomyces cerevisiae.

SUPRIYA JINDAL

ABSTRACT
The process of translation in all living cells is performed by ribosomes and is divided into
four major steps (initiation, elongation, termination and ribosome recycling). Ribosomes
consist of ribosomal RNA (rRNA) and proteins and are composed of two subunits small
and large. There are three major sites for tRNA binding within ribosome: the (aminoacyl)
A-site which accepts the aminoacyl (aa)-tRNA; the P-site, where the peptidyl-tRNA is
formed and the (exit) E-site, where deacylated tRNA exits the ribosome. These sites are
formed by both rRNA and ribosomal proteins. Though rRNA are involved in the catalysis
of protein synthesis, the contribution of individual ribosomal proteins to protein synthesis
is not fully understood in molecular terms. Yeast ribosomal protein uS9/yRps16, is
universally conserved and is located on the solvent side of the small ribosomal subunit. It
has a long protruding C-terminal tail (CTT) which extends towards the mRNA cleft. This
CTT contributes to the formation of the ribosomal P-site. uS9/yRps16 last positively
charged C terminal residue (Arg), is invariably conserved and is believed to enhance
interaction of the negatively charged initiator tRNA, when base-paired to AUG codon in
the P site. However, biochemical evidence in support of this notion is limited. Our
biochemical analysis of the uS9 mutants showed that the C terminus of uS9 plays an
vii

important role during translation initiation. We found that uS9 C-terminal residues (their
exact location and nature) are critical for efficient recruitment of the eIF2•GTP•MettRNAiMet ternary complex and for responding properly to an AUG codon in the P-site,
during scanning phase of initiation. These residues also regulate hydrolysis of GTP (from
eIF2•GTP•Met-tRNAiMet complex) to GDP and Pi. Furthermore, deletion of the last two
residues of uS9 CTT, exhibits resistance to anisomycin, decreased association of
elongation factor eEF1A to polyribosomes at the A-site and decreased programmed
ribosomal frameshift (PRF) efficiency, thus showing that uS9 C terminal region modulates
elongation fidelity. Therefore, we propose that uS9 CTT is critical for proper control of the
complex interplay of events surrounding accommodation of initiator and elongator tRNAs
in the P- and A-sites of the ribosome.
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CHAPTER I
INTRODUCTION

1.1 OVERVIEW OF TRANSLATION
Translation or protein synthesis can be defined as the process by which the sequence
of an mRNA molecule (composed of nucleotides) is translated into an amino acid polymer
of defined sequence (protein). Among all kingdoms of life, this process can be divided into
four main stages: initiation, elongation, termination and ribosome recycling (Kapp and
Lorsch, 2004). The initiation stage involves events which establish the correct starting
point by base-pairing the initiator tRNA to the start (AUG) codon, both of which are
positioned at P (peptidyl) site of the ribosome. During elongation, new aminoacyl-tRNAs
enter the A (acceptor) site of the ribosome, which is also the decoding site. If the anticodon
of the incoming aminoacyl-tRNA, matches the next codon in the mRNA sequence, the
ribosome catalyzes the peptide bond formation, following which translocation of the
mRNA-tRNA complex takes place, ensuring the movement of peptidyl-tRNA from A to P
site, and thus making the way for the arrival of the next codon and aminoacyl-tRNA at the
A site. The elongation phase concludes when the ribosome encounters the stop/termination
1

codon followed by the release of the completed protein from the ribosome. The final stage
(i.e. recycling) involves dissociation of the ribosomal subunits, release of the mRNA and
deacylated tRNA, and preparing the ribosomes to be engaged for the next round of
initiation (Rodnina and Wintermeyer, 2009; Kapp and Lorsch, 2004).
1.2 TRANSLATION MACHINERY
1.2.1 RIBOSOMES (COMPOSITION AND EVOLUTION)
Ribosomes are complex supramolecular structures which are the main sites for protein
synthesis inside all cells. Both prokaryotic and eukaryotic ribosomes consist of
approximately two-thirds RNA and one-third protein and are assembled as two different
subunits, small and large. The small subunit harbors the decoding center (DC) and is
responsible for the decoding of mRNA by aminoacyl-tRNAs. The large subunit on the
other hand, takes care of the catalysis of peptide bond formation at the peptidyl transferase
center (PTC) (Ramakrishnan, 2002; Schmeing and Ramakrishnan, 2009). Furthermore, the
ribosome (small and large subunits together) has three major sites for tRNA to bind: the
(aminoacyl) A-site which accepts the aa-tRNA (except for the first initiator tRNA, which
enters at the (peptidyl) P-site); the P-site, where the peptidyl-tRNA is formed and the (exit)
E-site, where decylated tRNA exits from the ribosome (Ramakrishnan, 2014). Movement
of the ribosome on mRNA involves displacement of tRNA-mRNA complexes from the
ribosomal A- to P-sites and P- to E-sites, while ensuring maintenance of the correct reading
frame. (Fig. 1.1) depicts the structure of a prokaryotic ribosome with two subunits, tRNA
binding sites (A, P and E) and important regions such as DC and PTC. The above
mentioned features are fundamental to ribosomes from all the kingdoms of life. Though
there is a high degree of sequence and structure conservation between ribosomes from
2

different kingdoms, yet there are extensive differences in their size, structure, composition
and function (Dinman, 2009; Melnikov et al., 2012; Rodnina and Wintermeyer, 2009),
discussed ahead.
Prokaryotic ribosomes (70S) are approximately 2.5 MDa in size and are composed of
a small (30S) subunit and a large (50S) subunit (Fig. 1.2). The small subunit is further
made up of single rRNA (16S) and 23 proteins, whereas the large subunit consists of two
rRNAs (5S and 23S) and 34 proteins. Eukaryotic ribosomes (80S) on the other hand, are
approximately 30% larger than their prokaryotic counterparts. Their molecular weight
ranges from ~3.5 MDa in lower eukaryotes to ~4.5 MDa in higher eukaryotes. Their small
(40S) subunit is composed of 18S rRNA and 33 ribosomal proteins, and the large (60S)
subunit consists of three rRNA molecules (5S, 5.8S and 28S) which are bound to total of
46 proteins (Fig. 1.2, 1.3). (Ramakrishnan, 2002; Rodnina and Wintermeyer, 2009;
Ramakrishnan, 2011).
Interestingly, recent X-ray crystal structure of the eukaryotic (yeast) ribosomes at 3.0
Å resolution revealed that they evolved from the prokaryotic ribosomes around a core
functional region. This region is conserved across all the domains of life and harbors the
decoding center (DC) and peptidyl transferase center (PTC). However, there are additional
eukaryote-specific features (rRNA expansion segments, unique proteins and protein
segments) mostly restricted to the outer region of the eukaryotic ribosome (Ben-Shem et
al., 2010; Ben- Shem et al., 2011; Ramakrishnan, 2011; Melnikov et al., 2012) (Fig.1.2).
The eukaryote-specific protein segments engage in substantial protein-protein contacts, in
contrast to prokaryotic ribosomal proteins which largely interact with rRNA (Hoffman et
al., 2012). Out of the total 79 eukaryotic ribosomal proteins, 33 proteins are conserved
3

between all the domains (15 in the small subunit and 19 in the large subunit), whereas the
remaining 46 are specific to eukaryotes (18 in the small subunit and 28 in the large subunit)
Moreover, eukaryotic ribosomes require plenty of assembly and maturation factors during
biogenesis (Ben-Shem et al., 2010; Ben-Shem et al., 2011; Ghosh and Komar, 2015). Thus,
the architecture of the prokaryotic vs eukaryotic ribosomes reflects that the latter is more
complex than the former.

4

Fig. 1.1 Prokaryotic ribosome structure. (A) 70S ribosome with mRNA & tRNAs
(bound to A, P & E sites). (B) Small subunit with the Decoding Center (DC) and (C)
large subunit with the Peptidyl-transferase center (PTC) (Schmeing and Ramakrishnan,
2009).

5

Fig. 1.2 Comparative analysis between bacterial and eukaryotic ribosomes.
Eukaryotic and bacterial ribosomes have evolved around a common core of rRNA (light
blue) and ribosomal proteins (light red). Ribosomal proteins specific to eukaryotes or those
with eukaryote-specific extensions (red) and rRNA extensions (blue) are located mostly on
the outer shell. Flexible stalks which appear disordered in X-ray analysis are shown as
dashed lines (Melnikov et al., 2012).

6

A

B

C

D

Fig. 1.3 The eukaryotic small and large subunits. (A-B) Interface and solvent views of
eukaryotic 40S subunit. 18S rRNA colored gray and ribosomal proteins colored distinctly
and labeled. (C-D) Interface and solvent views of the eukaryotic 60S subunit. 28S rRNA
colored gray and ribosomal proteins colored distinctly and labeled. (Wilson and Doudna,
2012).

7

1.2.2

TRANSLATION FACTORS AND THEIR EVOLUTION:

Although the process of translation appears to be mostly driven by RNA (rRNA,
mRNA, tRNA), a host of protein factors form an essential part of the translation machinery
which assist RNAs (and ribosomes) in a highly organized and optimized network. These
factors participate in all the main stages of protein synthesis (initiation, elongation,
termination and ribosome recycling). Besides, the number of these factors is far more in
eukaryotes, especially during the initiation stage, reflecting the complexity of the
eukaryotic ribosome not only in the architecture but also in the function (Table 1.1)
(Rodnina and Wintermeyer, 2009; Melnikov et al., 2012).
The positioning of the initiator tRNA over the start codon in mRNA at the ribosomal
P site, is the key event of the initiation phase. In case of prokaryotes, this precise
positioning requires three initiation factors (IF1, IF2 and IF3). To begin with, IF3 binds
to the small subunit (30S) that has been split from the large subunit (50S) from the
previous round of translation, thus preventing its reassociation with 50S (Karimi et al.,
1999; Peske et al., 2005). This is followed by IF1 and IF2 binding to 30S-IF3 complex
and the entire complex recruits fMet-tRNAfMet. To further accomplish the deployment
of the small subunit on the mRNA such that, the fMet-tRNAfMet base paired to the AUG
codon is at the P site, 16S rRNA of the small subunit base pairs with a complimentary
purine rich Shine Delgarno (SD) sequence present upstream of the start codon in mRNA
(Ramakrishnan, 2002; Scheming and Ramakrishnan, 2009). Once this 30S initiation
complex (30S-IC) is formed, IF2 (GTPase) promotes 30S-50S subunit joining to form the
70S initiation complex (70S-IC), accompanied by IF3 release ((Fig. 1.4) (Ramakrishnan
2002; Scheming and Ramakrishnan, 2009; Rodnina and Wintermeyer, 2009; Milon et al.,
8

2008). Post GTP hydrolysis and Pi release remaining initiation factors are also dispensed
from the 30S-IC and fMet-tRNAfMet moves into the PTC preparing the ribosomes for
the elongation phase (Tomsic et al., 2000; Grigoriadou et al., 2007).
As mentioned earlier, the translation initiation phase is much more complex in
eukaryotes involving more than 12 initiation factors (compared to prokaryotes which
require only 3). For most mRNAs in eukaryotes, initiation proceeds via a scanning
mechanism, which begins with the formation of the ternary complex (TC) comprised of
GTP-bound form of eukaryotic initiation factor 2 (eIF2) and initiator Met-tRNAiMet
(eIF2•GTP•Met-tRNAiMet). The TC assembles with the 40S subunit along with eIF1
(partial homologue of IF3), eIF1A (ortholog of IF1), eIF3 and eIF5 to form 43S initiation
complex (IC). The 43S PIC gets attached to the 5' capped end of the mRNA and scans the
5' untranslated region (UTR) in search of the initiation AUG codon. Where eIF1 (IF3)
accelerates the release of the incorrect tRNA-mRNA complexes from the IC, eIF1A (IF1)
balances different confirmations of the small subunit. Recognition of the start codon
releases most of the initiation factors, but instigates the binding of eIF5B (homolog of
IF2) which assists 60S subunit to join 40S complex, thus forming elongation competent
80S ribosome (Fig. 1.5) (Hinnebusch, 2014; Jackson, 2010; Rodnina and Wintemeyer,
2009). A step-by-step description of the eukaryotic initiation pathway is discussed further
below.
The key steps during elongation are decoding of the codon on mRNA, peptide bond
formation and translocation of the tRNA-mRNA complex (from A to P site), ensuring a
free spot at the A site for a new codon. Interestingly, these elongation steps are quite
similar between prokaryotes and eukaryotes and are performed by similar yet distinct
9

elongation factors (from the two domains). The eukaryotic elongation factor 1A (eEF1A)
is functionally homologous to prokaryotic EF-Tu. eEF1A and EF-Tu deliver aminoacyltRNA to the A site of the ribosome, belong to the GTPase superfamily and bind and
hydrolyze GTP. Further, dissociation of GDP (formed after GTP hydrolysis) from eEF1A
(EF-Tu) is accelerated by a GEF called eEF1Ba which is functionally equivalent to the
bacterial GEF of EF-Tu, EF-Ts. It is worth mentioning that although there is functional
homology between eEF1Ba and EF-Ts, there does not exist any sequence homology
between these two. The reaction mechanism for the peptide bond formation is expected
to be the same for both bacteria and eukaryotes. However, the translocation step is
mediated by the EF-G in prokaryotes and eEF2 in eukaryotes (Fig. 1.4) (Ramakrishnan,
2002; Rodnina and Wintermeyer, 2009).
The elongation phase transitions into termination and then recycling, once the stop codon
enters the decoding site. In case of prokaryotes, three release factors (RF1, 2 and 3) are
the key players for termination. RF1 and 2 bind the ribosome as soon as the termination
codon enters the A site. This binding induces conformational changes in the decoding
center which promotes hydrolysis of the P site tRNA and peptide release (Fig. 1.4)
(Lauerberg et al., 2008 and Weixlbaumer et al., 2008).
A non-essential release factor, RF3 is also involved in the termination phase. It acts
as a GTPase and accelerates the release of RF1 and RF2 from the ribosome. The recycling
phase in prokaryotes involves ribosome recycling factor (RRF) which together with EFG splits the ribosomal subunits. The termination machinery in eukaryotes has only two
factors eRF1 and eRF3. eRF1 recognizes all three termination codons, whereas eRF3 acts
as a GTPase and binds to eRF1 with high affinity (in contrast to prokaryotic termination
10

factors). Here, GTP hydrolysis by eRF3 is a prerequisite and strongly enhances stop codon
recognition coupled with peptide release by eRF1 (Rodnina and Wintermeyer, 2009).
Therefore, in prokaryotic termination peptide release precedes GTP hydrolysis by RF3
whereas in eukaryotes, GTP hydrolysis by eRF3 is required for peptide release.
Finally, eukaryotic recycling lacks any ortholog of RRF but disscociation of 80S
ribosomes to 40S and 60S subunits is mediated primarily by eIF3 along with assistance
from eIF3j, eIF1 and eIF1A (Fig. 1.4) (Pisarev et al., 2007).
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Fig. 1.4 Eukaryotic and Prokaryotic mode of translation. Major steps of translation are
depicted in numbers. IF: bacterial initiation factor; eIF: eukaryotic Initiation factor;
EF: bacterial elongation factor; eEF: eukaryotic elongation factor; RF: release factor;
RRF: Ribosome recycling factor (Melnikov et al., 2012).
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Fig. 1.5 Difference between prokaryotic and eukaryotic mode of translation
initiation. Major steps of translation initiation with the initiation factors. (Rodnina
and Wintermeyer, 2009)
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Translation factors in the three kingdoms of life
Translation
step
Initiation

Bacteria

Archae

Eukaryae

IF1
IF2
IF3

aIF1A
aIF5B
aIF1
aIF2a
aIF2b
aIF2g
aIF2Ba

eIF1A
eIF5B
eIF1
eIF2a
eIF2b
eIF2g
eIF2Ba
eIF2Bb
eIF2Bg
eIF2Bd
eIF2Be
eIF3 (13
subunits)
eIF4A
eIF4B
eIF4E
eIF4G
eIF4H
eIF5
eIF6
PABP

aIF2Bd
aIF4A

aeIF5
aeIF6

Elongation

Termination*
Recycling*

EF-Tu
EF-Ts

aEF1a
aEF1B

SelB

SelB

EF-G
RF1
RF2
RF3
RRF
EFG

aEF2
aRF1

eEF1A
eEF1B (2 or 3
subunits)
eEFSec
SBP2
eEF2
eRF1
eRF3

ABCE1

ABCE1
eIF3
eIF3j
eIFA
eIF1

Table 1. Factors involved in different steps of translation
across the three domains of life. ( Adapted from Rodnina and
Wintermeyer, 2009)
* Other recently discovered factors are not mentioned here and are out of scope of this study
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1.3 EUKARYOTIC TRANSLATION INITIATION
As mentioned earlier, eukaryotic translation initiation for most mRNAs proceeds via
a ‘scanning mechanism’ which contrasts with direct placement of the AUG codon at the P
site of bacterial ribosome due to an interaction of the Shine Dalgarno sequence in mRNA
with the 16S rRNA of the 30S subunit.
Steps during initiation: The major steps involved in eukaryotic translation initiation
are: formation of 43S preinitiation complexes, attachment of 43S complexes to mRNA,
ribosome scanning of mRNA 5’ UTRs and start codon recognition, subunit joining and
initiation factor release Fig. 1.6 (Hinnebusch, 2014 and Jackson, 2010). Translation
initiation requires coming together of separated ribosomal subunits and other components.
Ribosome complexes after termination consist of 80S bound to mRNA, deacylated P site
tRNA and eRF1. The subsequent recycling phase releases these ligands and ribosomal
subunits with the help of eIF1, 1A and 3. At low Mg2+ concentrations, the above three
factors dissociate 80S complexes into free 60S subunits, mRNA and tRNA-bound 40Ss.
However, even at slightly higher Mg2+ concentrations, the recycling phase requires ABCE
protein (along with eIF1, 1A and 3) to bring about 80S dissociation. Following this, tRNA
and mRNA release from 40S subunits is mediated by eIF1 and eIF3j (subunit of eIF3),
respectively. All three initiation factors (1, 1A and 3) remain bound to 40S subunits and in
conjunction with eIF6, prevent re-association of 60S subunits (Jackson, 2010).
Concurrently, eIF2 binds GTP to form eIF2•GTP. Since Met-tRNAi has a high affinity for
eIF2•GTP, together they form the ternary complex (TC) which subsequently attaches to
the recycled 40S subunits harboring eIF1, 1A, 3 and possibly 5 to form the 43S pre-
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initiation complex (PIC) (Fig. 1.6). Already existing initiation factors (1, 1A, 3 and 5)
stimulate TC binding to 40S subunits (Hinnebusch and Lorsch, 2012).
The next step post formation of the 43S complex is its attachment to the 5’ capped end
of the mRNA. The 5’ UTRs possess several secondary structures which require unwinding
and thus, recruitment and cooperative action of the eIF4F complex to prepare for the 43S
complex attachment is required (Pestova et al., 2007). The eIF4F complex is made up of
eIF4E, eIF4A and eIF4G subunits. eIF4E is a cap-binding protein, eIF4A is an ATPdependent RNA helicase which helps to unwind the secondary structures and create single
stranded stretches of mRNA for efficient recruitment of 43S complex. eIF4G is a scaffold
protein which binds eIF4E, eIF4A, poly-(A) binding protein (PABP) and eIF3 (Oberer et
al. 2005; Schutz et al. 2008; Hilbert et al. 2011). Besides, the RNA-binding activity in
eIF4G enables it to form independent interactions with mRNA via the cap, the poly (A)
tail, and sequences in the mRNA body to form a circular “closed loop” structure thus
comprising of eIF4F complex, mRNA and PABP (Hinnebusch, 2011). This closed loop
structure is crucial for the efficient recruitment of the 43S PIC on the mRNA and the
physical interactions between the m7G cap, eIF4E, eIF4G, eIF3 and eIF5 are conceived to
be favorable for this step (Hinnebusch and Lorsch, 2012; Jackson, 2010). Another factor
which strongly enhances 43S complex attachment is the “open latch” conformation of 40S
subunits, induced by eIF1 and eIF1A (Passmore et al., 2007).
The 43S PIC gets attached to the 5' capped end of the mRNA and begins to scan it in
a 5’ to 3’ direction to find the correct initiation (AUG) codon. eIF1 and eIF1A induce these
complexes into a “scanning-competent” confirmation which assists in their movement on
mRNA by unwinding the secondary structures in the 5’UTR. (Passmore et al., 2007;
16

Pestova and Kolupaeva, 2002). Likewise, eIF3, eIF4A and eIF4G promote scanning
besides 43S complex attachment. However, the exact mechanism by which these factors
bring about the scanning remains unknown.
To ensure the recognition of the correct initiation codon, the scanning complexes search
the mRNA leader for the correct AUG triplet in a suitable sequence context
(GCC(A/G)CCAUGG), having a purine at -3 and a G at +4 positions, (considering A of
AUG as +1) (Kozak, 1991). To further maintain the fidelity of initiation, eIF1 also plays a
crucial role. It blocks the recognition of near cognate and cognate triplets (in suboptimal
context) at the P-site or located within 8 nucleotides from the 5’ end of the mRNA (Pestova
and Kolupaeva, 2002; Pestova et al., 1998; Pisarev et al., 2006). In cooperation with eIF1A,
it also maintains a scanning competent “open” confirmation of the 43SPIC, where MettRNAiMet is not fully engaged with the P site of the 40S subunit (POUT state) and thus is
enable to scan the triplets and identify the appropriate AUG.
The GTP in the ternary complex (TC) is hydrolyzed when in the scanning competent
open confirmation. This hydrolysis is stimulated by the eIF5 which is a GTPase-activating
protein (GAP) as well as the 40S subunit. Nevertheless, completion of the reaction with
the phosphate (Pi) release and accommodation of
Met-tRNAi in the P site requires additional steps triggered by start codon recognition
(Hinnebusch, 2014) (Fig. 1.6 and 1.7). Recognition of the start codon establishes perfect
complementarity with the anticodon of the initiation tRNA which triggers conformational
changes in the 43S complex. This involves displacement of eIF1 from near the P-site (Maag
et al., 2005; Unbehaun et al., 2004), tightening of the eIF1A-40S interaction (Maag et al.,
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2006) and deep insertion of the anticodon stem loop (ASL) of Met-tRNAiMet in the P-site
(PIN state), ensuing a closed confirmation (48S complex) which is locked on to the mRNA.
To ensure that the arrested ribosomes at the correctly recognized AUG codon are
committed to initiation, eIF5 which is eIF2-specific GTPase-activating protein (GAP)
induces GTPase activity of eIF2 leading to complete GTP hydrolysis and Pi release
(Jackson et al., 2010). Even at this later stage, eIF1 ensures the fidelity of initiation by
preventing premature hydrolysis of eIF2-bound GTP in 43S PIC at non-AUG codons
(Unbehaun et al., 2004; Algire et al., 2005). eIF2•GDP thus formed (after GTP hydrolysis)
has reduced affinity for Met-tRNAMeti, leading to its release from 40S subunits and is
recycled by eIF2B for the next round of initiation (Algire et al., 2005; Nanda et al., 2013).
eIF5B (ribosome-dependent GTPase) mediates dissociation of not only eIF2•GDP but also
other initiation factors eIF1, eIF1A and eIF3 and simultaneously assists in joining of 60S
subunits to form elongation competent 80S ribosomes (Pisarev et al., 2006; Unbehaun et
al., 2004; Pestova et al., 2000). Thus, towards the end of initiation phase, P-site of the
elongation competent 80S complex hosts the Met-tRNAiMet with anticodon base paired to
the AUG start codon in mRNA (Fig. 1.6).
There are many ways by which regulation of translation initiation can be brought about
and they fall broadly into two main categories: 1) global regulation which affects initiation
factors/ribosomes and 2) the mRNA specific regulation which acts through either sequence
specific RNA binding proteins or microRNAs (Jackson et al., 2010). A few examples of
these are discussed below:
Phosphorylation of initiation factor eIF2α portrays global translation regulation. In
higher eukaryotes, eIF2α can be phosphorylated by four main protein kinases (PKR‐like
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ER kinase (PERK), double‐stranded RNA‐dependent protein kinase (PKR), heme‐
regulated eIF2α kinase (HRI), and general control non‐derepressible 2 (GCN2)). Though
the phosphorylated eIF2 can combine with Met-tRNAiMet and GTP to form a fully
functional ternary complex, the phosphorylated eIF2•GDP abrogates the activity of eIF2B
when bound to it, thus reducing the pool of recycled eIF2•GTP and TC. This causes
diminished levels of translation for most mRNAs, and thus translation repression (Dever
et al., 2007).
Regulation of ferritin mRNAs is an example of selective regulation rather than global,
which involves a sequence-specific RNA binding protein selective for this mRNA. Ferritin
mRNA consists of specific sequences in its 5’UTR, called iron response elements (IREs).
Under conditions of low iron, iron regulatory proteins (IRPs) bind the IRE which causes
steric hindrance and blocks the binding of the eIF4F initiation complex to the 5’ cap, thus
inhibiting ferritin mRNA translation (Thomson et al., 1999).
Another way by which selective regulation of mRNA translation initiation can occur
is through miRNAs. miRNAs are short ~ 21-22 nucleotide RNA molecules which function
through RNA-induced silencing complex (RISC) to regulate a pathway through RNA
silencing. The miRNAs target the mRNAs and recruit the RISC complex along with
additional proteins to form mRNP assemblies which are found to be accumulated within
P-bodies, and are thus sequestered from the translation machinery in the cytoplasm
(Sanchez et al., 2006).
Thus, a plentitude of information has been obtained in recent years in deciphering the
steps of translation initiation and its regulation. However, the possible roles of different
elements of ribosomes, especially ribosomal proteins, during translation remain unknown.
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Fig. 1.6 Eukaryotic translation initiation steps. Major steps of cap
dependent translation initiation along with the involved factors. (Hinnebusch,
2014)
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Fig. 1.7 Sequence of steps leading to irreversible GTP hydrolysis by 43S complex upon AUG
recognition. Binding of mRNA to the 43S-eIF5 complex triggers structural rearrangement leading
to rapid GTP hydrolysis by eIF2 before AUG recognition. This results in an internal equilibrium
between GTP and GDP•Pi. Recognition of the start codon triggers a second conformational change
causing decreased eIF1 affinity and its dissociation, allowing rapid release of Pi from eIF2, making
GTP hydrolysis irreversible. (Algire et al., 2005)

21

1.4 TRANSLATION REINITIATION
Translation reinitiation is a mechanism for translation control of gene expression on
specific mRNAs, where ribosomal small subunit remains attached to the mRNA post
translation termination so that it can resume scanning on the same mRNA to reinitiate
translation at a downstream start site. Such regulation of translation can be seen in response
to physiological and environmental stresses to enhance the adaptability and expression of
stress-response genes (Holcik and Sonenberg, 2005).
One of the well studied examples of translational control via reinitiation is the
expression of GCN4 mRNA, a yeast transcriptional activator. Under normal conditions,
this mRNA is translationally repressed. Amino acid deprivation decreases availability of
the ternary complex (TC) due to eIF2 phosphorylation by GCN2, substantially reducing
general translation initiation (discussed above). However, these conditions paradoxically
induce GCN4 expression, which in turn stimulates the expression of other amino acid
biosynthetic genes (Hinnebusch, 2005). The major steps of GCN4 translation control
mechanism are discussed below.
The availability of the active TC and the presence of four upstream open reading
frames (uORFs) in the 5’ UTR of GCN4 mRNA primarily drive its regulation. These four
uORFs (1-4) mostly act as translation barriers (Kozak, 1983), though have varied
characteristics. uORF1 acts as a positive regulatory element as it plays a stimulatory role
by helping the small ribosomal subunits to overcome the translation barrier at inhibitory
uORFs in starved cells. uORFs 2-4 on the other hand are the negative elements in GCN4
mRNA leader with uORF3 and uORF4 having a more severe effect than uORF2.
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Under non-starvation conditions, when TC concentrations are high, GCN4 mRNA
translation is repressed as follows: the small ribosomal subunit in association with TC and
other factors loads onto the 5’ end of the GCN4 mRNA and begins to scan downstream in
search of the initiation codon. Since GCN4 leader hosts uORFs, the initiation complex
encounters uORF1 AUG to form 80S ribosome and translate uORF1. Upon termination of
translation the 60S subunit dissociates from the mRNA however, majority the 40S subunits
(~98%) remain attached and continue to scan downstream in search of the next available
AUG. Since there is ample availability of the TC under normal conditions, nearly all
scanning 40S subunits rebind the TC before they encounter uORFs 2, 3, or 4 and thus,
reinitiate translation upon reaching their respective AUGs. Owing to the inhibitory nature
of these uORFs, the 40S subunits dissociate from the mRNA after encountering the stop
codons of uORFs 2, 3, or 4, resulting in untranslated GCN4 (Fig. 1.8) (Hinnebusch, 2005,
Abastado et al, 1991).
In contrast, amino acid starvation conditions lead to reduced availability of the TC.
Thus, post uORF1 translation, only 50% of the 40S subunits scanning downstream can
rebind the TC (due to its low availability) before crossing uORF4 start codon and reinitiate
at one of the uORFs 2, 3, or 4. The remaining 40S subunits, bypass uORF4 stop codon and
before reaching the AUG of GCN4 acquire the TC, resulting in translation reinitiation at
GCN4 and hence in its expression. The relatively smaller distance between uORF1 and 4
does not give enough time to bind the requisite factors and thus reinitiating ribosomes
bypass uORFs 2-4 under starvation conditions (Fig. 1.8) (Hinnebusch, 2005). It is worth
noting that reinitiation occurs with short ORFs, many less than 10 amino acids in length.

23

Fig. 1.8 Translational control of GCN4 expression in yeast. The mechanism of
regulation of GCN4 expression under non-starvation and starvation conditions are shown.
Increased eIF2α phosphorylation (under starvation conditions) results in lower TC levels
which in turn causes GCN4 expression via reinitiation. (Adapted from Holcik and
Sonenberg, 2005).
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1.5 EUKARYOTIC TRANSLATION ELONGATION
The translation machinery and hence the mechanism, during the elongation phase is
well conserved across the three kingdoms of life (bacteria, archae and eukaryotes)
(Rodnina and Wintermeyer, 2009, Kapp and Lorsch, 2004). We briefly discuss below the
steps during eukaryotic translation elongation.
Steps during elongation: The elongation cycle can be broadly categorized into three
sequential stages: accommodation, peptide bond formation and translocation. Towards the
end of translation initiation phase, the elongation competent 80S ribosome is stabilized on
mRNA via base-pair interaction between anticodon of the initiator tRNA and the start
codon. The initiator tRNA since present on the P site, is now called as the peptidyl-tRNA.
The A site of the ribosome carries the second codon of the open reading frame (ORF) and
is vacant for cognate aminoacyl-tRNA. The accommodation step involves binding of the
aminoacyl-tRNA to the A site in a ternary complex with GTP and eukaryotic elongation
factor 1A (eEF1A). eEF1A on its own has low level of GTPase activity, however in
association with aminoacyl-tRNA, ribosomes and mRNA this activity is significantly
amplified (Proud, 1994). Upon recognition of the A site codon by the aminoacyl tRNA,
eEF1A triggers GTP hydrolysis to form eEF1A•GDP (Dever and Green, 2012) (Fig. 1.9).
It is believed that GTP hydrolysis acts as “kinetic proofreading mechanism” to enhance
fidelity between A site codon and its complementary anticodon of tRNA (Dever and Green,
2012). eEF1B acts as guanine nucleotide exchange factor (GEF) which accelerates
ribosomal release of eEF1A•GDP, hence allowing aminoacyl tRNA to be well
accommodated into the A site (Proud, 1994).
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Following the accommodation step, P-site peptidyl-tRNA rapidly initiates the peptide
bond formation catalyzed by the peptidyl transferase center (PTC) in the large subunit. The
ribosomal RNA (rRNA) elements of PTC are found to be conserved between prokaryotes
and eukaryotes, as revealed by their respective ribosomal crystal structures (Ben-Shem et
al. 2010, 2011; Klinge et al. 2011). Thus, the notion of universally conserved mechanism
of peptide bond formation would be more agreeable. The peptide bond formation between
A and P site tRNAs involves nucleophilic attack by the a-amino group of the aminoacyltRNA on the carbonyl group of the peptidyl-tRNA, forming an activated ester bond. It is
important to mention that this process does not involve any GTP hydrolysis events (Proud,
1994).
The translocation stage post peptide bond formation takes place in two discrete steps:
the ribosomes undergo ratchet-like movement which places tRNAs into hybrid states. The
3’end of the now deacylated tRNA and the new peptidyl-tRNA move from P to E, and A
to P sites, respectively. However, their anticodon loops remain in the P and A sites,
basepaired to their corresponding codons on mRNA (Merrick, 1992). The proper
translocation of the deacylated and peptidyl-tRNAs into the canonical E and P sites,
respectively, along with the movement of the mRNA by a codon relative to the ribosome
is the second step and is mediated by eEF2 (GTPase) in association with GTP. eEF2•GTP
stabilizes the hybrid state tRNAs upon binding them. Rapid GTP hydrolysis and Pi release
by eEF2 causes its dissociation and, further locks the ribosome in post translocation state
where, deacylated and peptidyl tRNAs are moved fully into the E and P site, respectively,
and a vacant A site is waiting for the next eEF1A-GTP-aminoacyl-tRNA complex (Fig.
1.9) (Dever and Green, 2012; Proud, 1994).
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Fig. 1.9 Eukaryotic translation elongation pathway. From the top an eEF1A•GTP•aminoacyltRNA ternary complex binds the aminoacyl-tRNA to the 80S ribosome with the anticodon loop of
the tRNA base paired to the codon in the mRNA at the A site of the 40S subunit. As the eEF1A•GDP
is released, the aminoacyl-tRNA is accommodated into the A site and eEF1A•GDP is recycled to
eEF1A•GTP with the help of eEF1B. With the transition of the A- and P-site tRNAs into the hybrid
states ( acceptor ends of A-site tRNA to P and P-site to E), peptide bond formation occurs. Binding
of eEF2•GTP promotes translocation of the hybrid state tRNAs into the canonical P and E sites.
This is followed by the release of the eEF2•GDP, making the ribosome available for the next
elongation cycle as the deacylated tRNA is released from the E site and A site is available for the
binding of the appropriate eEF1A•GTP•aminoacyl-tRNA. GTP is represented as a green ball and
GDP as a red ball. (Dever and Green, 2012)
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1.6 PROGRAMMED RIBOSOMAL FRAMESHIFTING
Translational recoding occurs when the ribosome makes coding mistakes as it shifts
the reading frame. Programmed ribosomal frameshifting (PRF) is an example of
translational recoding found in viruses and retrotransposons and can make the translating
ribosome slip by a base in either 5’ direction (-1) or 3’ direction (+1), guided by cis acting
elements embedded in the mRNA (Dinman, 2012). This phenomenon helps solve the
problem of limited genomic coding space in viruses by allowing synthesis of multiple
proteins from a single unaltered RNA template.
1.6.1

PROGRAMMED -1 RIBOSOMAL FRAMESHIFTING (-1 PRF)

Ribosomal frameshifting in -1 direction can be commonly seen in many RNA viruses
like HIV-1, L-A totivirus of the yeast Saccharomyces cerevisiae as well as in Ty1
retrotransposable element of yeast (Dinman, 2012). There are three most well defined cis
acting signals required for -1 PRF: “a slippery site” composed of seven nucleotides (actual
site for shift in reading frame), a short spacer sequence (~12 nucleotides) to allow proper
positioning of the ribosome, and a downstream stimulatory structure (mostly a mRNA
pseudoknot) (Farabaugh, 1996; Dinman et al., 1998; Brierley, 1995). The heptameric
slippery site is composed of N NNW WWH, where N is any three identical nucleotides; W
is either A or U; and H is A, C, or U. This unique sequence enables non-wobble bases of
both aminoacyl-and peptidyl-tRNAs to re-pair with the -1 frame codons. The mRNA
pseudoknots are believed to act as energetic barrier to translating ribosome so that it can
be positioned on the slippery site (Fig. 1.10) (Somogyi et al., 1993; Tu et al, 1992).
-1 PRF model is well understood in yeast L-A virus. The viral genome harbors two
overlapping ORFs (for Gag and Pol proteins), connected via a -1 PRF signal. The first ORF
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encodes for Gag, a capsid protein, whereas the second one is for viral RNA polymerase
known as Pol which replicates the genome. Under normal circumstances Gag is produced
without any frameshifting. However, L-A viral -1 PRF signal produces a Gag-Pol fusion
protein (in the appropriate ratio), allowing the virus to replicate using Pol (Dinman and
Wickner, 1992).
1.6.2

PROGRAMMED +1 RIBOSOMAL FRAMESHIFTING (+1 PRF)

In contrast to -1 frameshifting, +1 frameshifting results from a shift in translational
reading frame by one base in the 3’ direction. Though discovered in yeast Ty1
retrotransposable elements, +1 PRF signals are also seen in prokaryotes. The cis acting
element for +1 PRF is a heptameric slippery site carrying a nonabundant A site codon. The
hungry codon forces the elongating ribosomes to pause over this site, awaiting delivery of
the corresponding rare tRNA to the A-site. This allows slippage of the ribosome-peptidyl
tRNA complex to bind the more abundant +1 frame A site tRNA. The Ty1 retrotransposon
regulates the production of TYA (gag) and TYB (pol) genes using slippery site CUU AGG
C, where AGG is the hungry codon and +1 frameshifting to GGC brings abundant glycyltRNA. Similarly, in Ty3 retrotransposon +1 PRF occurs at GCG AGU U, shifting from 0
frame AGU to +1 frame of GUU codon recognized by valyl-tRNA (Fig. 1.10) (Farabaugh
et al., 1993; Dinman, 2012).
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Fig. 1.10 Programmed ribosomal frameshifting (PRF). (a) Ty1-mediated +1 PRF: at the AGG
in the 0-frame of the CUU AGG C ‘slippery site’ the elongating ribosomes pause while awaiting
delivery of the rare CCU-tRNAArg. As the ribosome slips by one base in the 3’ direction during this
pause, it allows the P-site tRNA to base pair to the +1-frame GGC codon. The new A-site
corresponds to the highly abundant CCG-tRNAGly. In the context of the elongation cycle, the +1
slip can occur only when the A-site is empty; that is, after translocation and before insertion of the
eEF1A•aa-tRNA complex into the A-site. (b) General steps of the elongation cycle: (1) cognate aatRNA is selected; (2) accommodation of the 3′ end of the aa-tRNA into the ribosomal A-site; (3)
peptidyl transfer;
and (4) translocation mediated by eEF2. (c) L-A mediated-1 PRF: an mRNA pseudoknot causes
elongating ribosomes to pause with their A- and P-site tRNAs positioned over the G GGU UUA
slippery site from the L-A dsRNA. During this pause, if the ribosome shifts by one base in the 5′
direction, the non-wobble bases of both the A- and P-site tRNAs can re-pair with the new −1-frame
codons. As both A- and P-sites must be occupied by tRNAs, in theory this shift should occur after
step 1 but before step 4 of the elongation cycle (indicated by black and red dotted lines)(Harger et
al, 2002).
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1.7 RIBOSOMAL PROTEINS
Ribosomal RNA (rRNA) and ribosomal proteins (r-proteins) are the two major
components of the ribosomes. The role of rRNA in peptide bond formation at the peptidyl
transferase center (PTC) is well established. As for the ribosomal proteins, recent
structural, biochemical and genetic evidences have demonstrated their roles in not just
ribosome functioning, but also in mediating several extra ribosomal activities. Some of
these roles are discussed below.
1.7.1

IMPORTANCE OF RIBOSOMAL PROTEINS

Ribosomal proteins are highly cooperative in nature as they function via extensive
interactions between rRNA and r-proteins themselves (Wilson and Nierhaus, 2005). They
contribute to ribosome functioning majorly by their specific locations on different
ribosomal sites. For example, large subunit protein uL16 is found to have contacts with the
A-site tRNA and is speculated to be involved in correct positioning of its acceptor stem.
uL1 is possibly involved in removal of deacylated E-site tRNA whereas, uL5 and bacterial
L27 contact the P-site tRNA and are implicated in its proper positioning. The N-terminal
tail of bacterial L27 can also contact the PTC of bacterial ribosome and enhance its peptidyl
transferase activity. Similarly, different small subunit ribosomal proteins are found at the
functional sites such as uS12 contacts the decoding site tRNAs, C-terminus of uS9 is near
the P site tRNA and uS7 is known to communicate with the E-site tRNA (Wilson and
Nierhaus, 2005; Koroboneikova et al., 2012). Besides tRNA positioning, numerous
ribosomal proteins are shown to interact with various translation factors and believed to
assist in their recruitment on the ribosome. Another important contribution of r-proteins is
towards ribosome biogenesis which is a complex and highly coordinated process, involving
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many different proteins for folding and processing rRNA, subunit assembly and nuclear
export (Boisvert et al., 2007).
Furthermore, many r-proteins can have additional “extra-ribosomal” functions such as
transcript-specific translational control, cellular apoptosis, DNA repair etc. (Lindstrom,
2009). A few examples are discussed here. Large subunit ribosomal protein uL13, in
response to interferon- , is translocated from the 60S subunit to the 3’UTR GAIT element
of cerulopasmin mRNA, silencing its translation along with other pro-inflammatory
mRNAs (Kapasi et al., 2007). Another example is uL24 which promotes efficient
translation of p53 mRNA when associated with it, post DNA damage. As such, uL24 and
several other r-proteins (uL13, uL5, uS7 etc.) have been implicated in cell cycle arrest and
apoptosis, thus suggesting their potential role in preventing cancer (Russo and Russo,
2017). uS3 can act as a DNA repair endonuclease and induce caspase-dependent apoptosis
(Jang et al, 2004). In contrast some r-proteins can also be protective against cell death such
as uL13, uL29 and uS13 (Lindstrom, 2009). Mutations in other such r-proteins (eS19, uL18
etc.) can also cause diseases in humans like Diamond-Blackfan Anaemia (Sylvester et al.,
2004). Thus, owing to this wide variety of critical roles played by ribosomal proteins, there
is growing interest in gaining more in-depth information about their ribosome function and
beyond.
1.7.2 UNIVERSALLY CONSERVED RIBOSOMAL PROTEINS OF THE SMALL
SUBUNIT
A subset of ribosomal proteins is universally present across all the three domains of
life i.e., bacteria, archaea and eukaryotes. These universally conserved ribosomal proteins
are 34 in number and have successfully retained their structure and function during
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evolution. Of these 34 proteins, 19 are part of the large ribosomal subunit, and the
remaining 15 belong to the small subunit (Fig. 1.11). Owing to their evolutionary
conservativeness, it is a safe speculation that the structural organization of these proteins
and their functions were predetermined in the protoribosome, before divergence to
different domains of life (Koroboneikova et al., 2012). Since, extensive structural
information has emerged in recent years on ribosomal subunits, we summarize below some
of the insights on r-proteins especially those which are universally conserved in small
subunit (which harbors mRNA binding and the decoding center).
The 15-conserved r-proteins of the small subunit are uS2-uS5, uS7-uS15, uS17, and
uS19 and play an integral part in ribosome functioning. For example, uS13 helps in forming
intersubunit bridges and contacts P-site tRNA, suggesting a possible role during
conformational rearrangements. Several other of these conserved proteins are part of the
entrance and exit channel for the mRNA, within the small subunit. uS3, uS4 and uS5 in
part form the entrance of the channel whereas, uS7 and uS11 are located at the exit. uS4
and uS5 along with uS12 are also proven to be important in maintaining translation
accuracy as they help in functioning of the decoding center (Yusupova et al., 2001, 2006;
Ruusala et al., 1984; Koroboneikova et al., 2012). Remarkably, 13 of these 15 proteins
have additional segments which vary in size and location with respect to the conserved
domain (Fig. 1.12A). Seven out of thirteen proteins have extensions at the N-terminus,
while three have them on C-terminus. Two proteins harbor both N- and C-terminus
expansion segments just a single protein has an insertion in the middle region besides Nterminus extension (Fig. 1.12B). Structurally, these extensions either form a-helices/bsheets or are unstructured. Recent biochemical and structural data on the eukaryotic
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ribosomes suggest that these extensions interact with other proteins including eukaryotic
translation (initiation) factors, and thus aid the process of protein synthesis (Ghosh and
Komar, 2015). The only two r-proteins from the 40S subunit which are extremely
conserved and do not have any expansion segments are: uS8 and uS9. Beside, some
primary structural data, any significant functional information about these highlyconserved proteins is lacking (especially in eukaryotes). It is worth mentioning that owing
to the high functional cooperativity between rRNA and r-proteins and amongst r-proteins
themselves, assigning specific functions to individual r-proteins has been an uphill task.
Moreover, many of these proteins, especially in eukaryotes (such as yeast), are essential
for viability as they are involved in ribosome biogenesis, thus further making it difficult to
decipher their roles either during eukaryotic translation and/or cellular processes.
Nevertheless, through this study, we aim to unravel the role of one of these extremely
conserved proteins i.e., uS9 during eukaryotic (yeast) translation.
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Fig. 1.11 Ribosomal proteins distribution across three domains of life: bacteria,
archaea and eukarya. The numbers represent ribosomal proteins present as follows:
the top numbers next domain names (eukarya, archae and bacteria) or next to the single
letter denotations (eg. E for eukarya, A for archaea and B for bacteria) signify total rproteins. The numbers below (the top number) signify small and large subunit rproteins in the order. (Wilson and Nierhaus, 2005)
.
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B

Fig. 1.12 Small subunit ribosomal proteins. (A) Graphics representing small
ribosomal subunit protein families across life domains (E: Eukarya, A: Archae, and B:
Bacteria; left pie chart) 15 protein families are conserved across all three domains and
two of these 15 are extremely conserved while the rest harbor eukaryote-specific
extensions (right pie chart). (B) Pie chart showing distribution of eukaryote-specific
extensions in 13 small subunit ribosomal proteins. (Ghosh and Komar, 2014)
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1.7.3 EUKARYOTIC RIBOSOMAL PROTEIN S16 (uS9)
To have a better understanding of the function, origin and evolution of the ribosome,
we studied one of the yeast small subunit ribosomal protein, S16 (uS9) which is universally
conserved. This protein belongs to the uS9 family which also includes bacterial S9. The
protein is known to be essential for viability of yeast and mammalian cells (Ferreira-Cerca
et al., 2005; Donohue et al., 2010). From the eukaryotic ribosomal structural data, it is clear
that uS9/S16 is located on the solvent side of the subunit head and has a long protruding
C-terminal tail (CTT) that contacts the initiator tRNA which is base-paired to AUG in the
P-site (Spahn et al., 2001; Ben-Shem at al., 2011; Lomakin and Steitz, 2013). The highresolution structures of eukaryotic ribosomal complexes have further shown that the last
C-terminal arginine (R-143) residue of uS9 is invariably conserved in all kingdoms of life
(Fig.1.13) and interacts with the negatively charged initiator tRNA at the P-site (Fig.1.14)
(Lomankin and Steitz, 2013; Hussain et al., 2014). Although it has been found (using
bacterial cell systems) that uS9 C-terminal tail may be an important regulator of translation
initiation fidelity (Arora et al., 2013), the mechanism of its action was not evident and any
such studies in eukaryotic cells are lacking.
Structural data also depicts distinct contacts between the last two amino acids of
bacterial S9 r-protein and the nucleotide and phosphates of the peptidyl-tRNA (Selmer at
al., 2006). Mutations of these terminal amino acids were associated with frameshift events,
demonstrating a potential role of bacterial S9 protein in making gripping contacts with
peptidyl-tRNA at the P-site, during elongation (Jager et al., 2013). Similar studies done in
vitro indicated that the bacterial S9 C-terminus contribute significantly to binding of P-site
tRNAs (both initiator and elongator) to isolated 30S subunits (Hoang et al., 2004).
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Nevertheless, like the initiation phase, neither its action mechanism during elongation, nor
any such evidences in eukaryotes have been reported so far.
Previous experiments from our lab have provided evidence that in yeast interaction
between the N-terminus of uS9 and the N-terminus of another r-protein uS5 (yS7) may be
critically important for ribosome function (Ghosh et al., 2014). This interaction was
suggested to influence the placement of the eIF1, TC and eIF5 following start codon
recognition. Based on these observations it was hypothesized that uS9-uS5 interaction
alters the location of the uS9 CTT at the 40S decoding center, which in turn modulates the
correct placement of the eIF2•GTP•Met-tRNAiMet ternary complex (TC) in the P-site of the
40S ribosomal subunit and eIF5-stimulated GTP-hydrolysis/Pi release (Ghosh et al., 2014).
However, a detailed molecular understanding of this effect was lacking and called for a
further detailed analysis.
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Fig. 1.13 Sequence analysis of ribosomal protein uS9/Rps16. Sequence alignment of the ribosomal
protein uS9 from different organisms show that the protein is found in all the domains of life ranging
from prokaryotes to lower eukaryotes till higher eukaryotes. The last two residues of uS9 Arginine (R)
and Tyrosine (Y) (at 143 and 142 positions respectively, in S cerevisiae) are invariably present as the
ultimate and penultimate residues in other eukaryotes as well such as D.melanogaster and H.sapiens,
(shown in the red box).
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uS9/S16

40S
P-site
tRNA

uS9/S16
CTT

Y-142
R-143

mRNA

Fig. 1.14 Structure of ribosomal protein uS9/Rps16. A) Location of ribosomal
protein uS9 (formerly called S16 in yeast) in the head region of the small subunit
(40S) of the eukaryotic (yeast) ribosome. The uS9 protein is depicted in navy blue
and the 40S subunit is shown in grey. Inset: The CTT of uS9 is shown in navy blue
with its last two amino acid residues,Tyrosine (Y) and Arginine (R), and the 40S
ribosomal subunit shown in cyan. The Met-tRNAiMet is shown in green and mRNA
is shown in red. The C-terminal Tyr and Arg residues in the uS9 CTT contact the
anticodon stem loop of Met-tRNAiMet base paired with the AUG codon in the
mRNA. PDB files 4V88 and 4KZZ were used for visualization using Swiss
Pdbviewer.
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CHAPTER II

THE C-TERMINUS OF uS9 IS IMPORTANT FOR TRANSLATION
INITIATION AND REINITIATION

2.1 ABSTRACT
Universally conserved small subunit ribosomal protein uS9 is located on the solvent
side of the subunit head and has a long protruding C-terminal tail (CTT) that reaches the
mRNA cleft. It contributes to the molecular environment of the ribosomal P-site and
contacts initiator tRNA when base-paired to the AUG codon in the P site. The last
positively charged C terminal residue (Arg) of uS9 is invariably conserved across all
kingdoms of life and is believed to enhance interaction with the negatively charged tRNA.
To investigate the function of uS9/yRps16 and, in particular, the role of its C-terminally
conserved region, we have obtained and characterized yeast S. cerevisiae strains in which
the wild type uS9/yRps16 gene has been replaced by the mutant uS9 variants. These
mutants contain CTT deletions/extensions and/or substitution of the C-terminal Arg with
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the negatively charged Glu. Our biochemical analysis showed that they exhibit a slow
growth phenotype and depletion of the polyribosome fractions, suggesting a translation
initiation defect. Moreover, these C-terminal mutants show abrogated re-initiation (of
GCN4 gene) and do not display any 40S biogenesis defect, thus implicating that the uS9
CTD plays a role in translation initiation (results below). To investigate which exact steps
of initiation (and re-initiation) are compromised in the uS9 mutants, we studied HIS4-lacZ
and GCN4-lacZ expression from a panel of reporter constructs in the wild-type and mutant
yeast strains. Results from these assays suggest a possible scanning defect and an inability
to recognize the AUG start codon. Thus, our study suggests that the C-terminal tail of uS9
protein modulates global translation events (such as responding properly to an AUG codon
in the P-site, during the scanning phase of initiation) as well as translational control of
specific gene (GCN4) expression in eukaryotes.
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2.2 INTRODUCTION
In bacterial cell systems, it has been demonstrated that the deletion of a few of uS9 Cterminus residues reduces the binding affinity of the protein to the initiator tRNA and that
uS9 C-terminal tail may be an important regulator of translation initiation fidelity (Hoang
et al., 2004; Arora et al., 2013). The high-resolution structures of eukaryotic ribosomal
complexes have further shown that the last C-terminal arginine (R-143) residue of uS9
(which is invariably conserved in all kingdoms of life) interacts with the negatively charged
initiator tRNA at the P-site (Hussain et al., 2014; Lomakin and Steitz, 2013).
Our studies have further demonstrated that the substitution of R-143 with glycine or
glutamate (uS9/S16-R143G/E), addition of an extra arginine after R-143 (uS9/S16-R144)
and truncation of both R-143 as well as Tyr-142 (uS9/S16-R143D and uS9/S16-YRDD)
confer a (slow growth) Slg− phenotype (except uS9/S16-R143D), reduced polysome to
monosome ratios and impair GCN4 mRNA translation in response to amino acid limitation,
depicting translation initiation and reinitiation defects.
Since many small subunit ribosomal proteins are involved in ribosome biogenesis
(Ferreira-Cerca et al., 2005), it could not be excluded that the observed translation initiation
defects in uS9 mutants can be related to compromised 40S ribosomal subunit biogenesis,
resulting in reduced mature subunits in mutant yeast cells. However, we show that the 40S
subunit biogenesis is unaffected in the uS9 mutants thus confirming uS9 CTT role in
translation initiation. To further identify the specific steps of translation initiation affected
due to uS9 mutations, we studied the translational control of GCN4 expression, using a set
of GCN4-lacZ reporter constructs with varying arrangements of uORFs in the GCN4
mRNA. We also used a set of HIS4-lacZ reporter constructs to study the extent of cognate
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and non-cognate codon recognition in uS9 mutants. Our results demonstrate that the uS9
CTT mutants exhibit defects in scanning and efficient AUG recognition.
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2.3 MATERIALS AND METHODS
2.3.1 YEAST STRAINS, PLASMIDS AND CONSTRUCTS
The following yeast strains used in this study: uS9/S16, uS9/S16-R143G, uS9/S16R143D, uS9/S16-YRDD have been previously described (Ghosh et al., 2014) (Table 2.1).
In these strains the chromosomal RPS16A and RPS16B genes are deleted and the mutant
or wild-type RPS16 alleles are present on high-copy plasmids. The following strains of a
similar design uS9/S16-R143E and uS9/S16-R144 were obtained as follows: the desired
mutations were introduced into the RPS16A gene (expressed from RPS28 promoter) in a
high-copy plasmid K1005 (Yeplac195-pRPS28-FLAG-RPS16; URA3; 2µ) (a kind gift
from Dr. Philipp Milkereit, University of Regensburg, Germany) by site targeted
mutagenesis using primers 5'-CCAAAAATCTTACGAATAAGAAATTGTGGGG-3'
forward and 5'-CCCCACAATTTCTTATTCGTAAGAT-TTTTGG-3' reverse (uS9/S16R143E); 5'-CCAAAAATCTTACCGTCGTTAAGAAATTGTG-3' forward and 5'CACAATTTCTTAACGACGGTAAGATTTTTGG-3' reverse (uS9/S16-R144). Plasmids
containing desired mutations were then transformed into strain Y-318 (pGAL-RPS16A)
his3-1, leu2-0, met15-0, LYS, ura3-0, rps16B··kanMX4, rps16A::HIS3 < pGAL-RPS16A;
LEU2, ARS1, CEN4>, lacking the chromosomal genes encoding the two isoforms of
RPS16 and harboring a low-copy plasmid containing

RPS16A under the glucose-

repressible GAL promoter (Ferreira-Cerca et al., 2005) (a kind gift from Dr. Philipp
Milkereit, University of Regensburg, Germany). The resulting strains were grown in
glucose containing media to block the expression from pGAL-RPS16A; LEU2, ARS1,
CEN4 and thus RPS16 expressed from Yeplac195-pRPS28-FLAG-RPS16 becomes the
sole source of uS9/S16 protein expressed in these strains under glucose growth conditions.
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These strains for GCN4-LacZ and SUI5 assays were obtained as follows: K1005 vector
(Yeplac195-pRPS28-FLAG-RPS16; URA3; 2µ) harboring RPS16 wild-type or mutants
was digested with PstI/NarI and the pRPS28-FLAG-RPS16 was inserted into PstI/ClaI
digested pRS421 (2µ, MET15) vector. The resulting pRS421_RPS16 constructs were
transformed into Y-318 strains already harboring K1005 plasmid with RPS16 wild-type
sequence. K1005 constructs were eliminated from the resulting strains by 5-Fluoroorotic
Acid (5-FOA) selection, thus obtaining yeast strains expressing wild-type or mutant
uS9/S16 (expressed from pRS421 plasmids) (Table 2.1). Yeast cultures were grown as
indicated using either synthetic media containing 0.67% Difco yeast nitrogen base, 1%
ammonium sulfate, 2% glucose and supplemented with the appropriate amino acids or
YEPD medium (Rose et al., 1990). Transformation was done using the lithium acetate
method (Ito et al., 1983). For polysome analysis, yeast cells were grown in YEPD medium
with 2% glucose. The plasmids p180 (containing all four uORFs), pM226 (uORF 1
extending 35 nucleotides into the GCN4 ORF out of frame), pM199 (only 140 nt distance
between uORF1 and GCN4 ORF) containing wild-type and mutated mRNA leader
sequence upstream of GCN4-lacZ have been described previously (Grant et al., 1994;
Nielsen et al., 2004). p180, pM226, pM199 were kind gifts from Drs. Alan Hinnebusch
and Thomas Dever (National Institutes of Health, Bethesda, MD, USA).
2.3.2 RE-INITIATION ASSAY
For b-Galactosidase assays of GCN4-lacZ constructs, cells were grown in a minimal
synthetic (SD) medium supplemented with appropriate amino acids containing 2% glucose
(for 2 h). To invoke amino acid starvation, 3-AT (final concentration 30 mM) was then
added and the incubation was continued for additional 5 h. Cells were harvested, and
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extracts were prepared by subsequent cycles of cell freezing in liquid nitrogen and thawing
at 37°C. For assaying Sui phenotypes, cells were grown in minimal synthetic media and βgalactosidase activity was assayed using the whole cell extract. b-Galactosidase activity
was measured following the protocol described in Clontech Yeast Protocols Handbook
using O-nitrophenyl b D-galactopyranoside as a substrate (Rose et al., 1990). Two sided
p-values were calculated. The cell growth experiments were performed with at least three
biological replicates.
2.3.3 RIBOSOMAL BIOGENESIS ASSAY
Analysis of the amounts of total free 40S and 60S subunits was performed by
extracting total rRNA from the wild-type and mutant yeast strains and resolving it on
agarose gel. Equal amounts of RNA were loaded on to a 2% agarose gel and resolved using
gel electrophoresis under denaturing conditions. Ethidium bromide was used for
visualization of the rRNA species.
2.3.4 CELL GROWTH ASSAY
Yeast cells were grown to an O.D. 600 ~0.6, serially diluted and spotted onto YPD
agar plates containing 2% glucose and further incubated at 30°C. For Gcn assay, the cells
were grown similarly and then spotted onto minimal media plates “+3AT” (lacking
histidine but containing 3-amino-1,2,4 triazole) or “-3AT” (lacking uracil and 3-amino1,2,4 triazole) incubated at 30°C incubator and photographed. The experiments were
performed with at least three biological replicates.
2.3.5 POLYSOMAL ANALYSIS
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Fractionation of polyribosomes was done as described in Galkin et. al. (2007) and
Lumsden et. al. (2010) using 10-50% (17000 rpm.,18 h) sucrose gradients and a Beckman
SW32.1 rotor. All procedures were performed at 4°C. Yeast cells from 50 ml of log phase
culture were pelleted, treated for 10 min with 100 μg/ml cycloheximide and repelleted. Cell
extracts were made by glass bead cell disruption (3-5 cycles of 1 min each), with
intermittent cooling on ice. The following buffer was used: 100 mM KCl, 2.5 mM
magnesium acetate, 20 mM HEPES•KOH, pH 7.4, 14.4 mM β-mercaptoethanol, 100 μg/ml
cycloheximide. Cell debris was removed by centrifugation at 7000 rpm for 10 min and
polyribosomes were resolved by sucrose density gradient centrifugation as indicated.
Gradients were collected using the ISCO Programmable Density Gradient System with
continuous monitoring at 254 nm using an ISCO UA-675 absorbance detector. Analysis of
ratios of 80S monosomes to polyribosomes was done as mentioned in Lumsden et. al.
(2010).
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Table 2.1. Strains of S.cerevisiae
Strain

Genotype

uS9/S16

his3-1, leu2-0, met15-0, LYS, ura3-0,
rps16B::kanMX4, rps16A::HIS3 <pGAL-RPS16A;
LEU2, ARS1, CEN4><pRPS28-RPS16A; MET15,
2μ>

uS9/S16-R143G

his3-1, leu2-0, met15-0, LYS, ura3-0,
rps16B::kanMX4, rps16A::HIS3 <pGAL-RPS16A;
LEU2, ARS1, CEN4><pRPS28-RPS16A-R143G;
MET15, 2μ>

uS9/S16-R143∆

his3-1, leu2-0, met15-0, LYS, ura3-0,
rps16B::kanMX4, rps16A::HIS3 <pGAL-RPS16A;
LEU2, ARS1, CEN4><pRPS28-RPS16A-R143Δ;
MET15, 2μ>

uS9/S16-YR∆∆

his3-1, leu2-0, met15-0, LYS, ura3-0,
rps16B::kanMX4,
rps16A::HIS3 <pGAL-RPS16A; LEU2, ARS1,
CEN4> <pRPS28-RPS16A-Y142ΔR143Δ; MET15,
2μ>

uS9/S16-R143E

his3-1, leu2-0, met15-0, LYS, ura3-0,
rps16B::kanMX4, rps16A::HIS3 <pGAL-RPS16A;
LEU2, ARS1, CEN4><pRPS28-RPS16A-R143E;
MET15, 2μ>

uS9/S16-R144

his3-1, leu2-0, met15-0, LYS, ura3-0,
rps16B::kanMX4, rps16A::HIS3 <pGAL-RPS16A;
LEU2, ARS1, CEN4><pRPS28-RPS16A-R144;
MET15, 2μ>

Table 2.1 Genotype of the wild-type and uS9 mutant yeast strains
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2.4 RESULTS
2.4.1 THE LENGTH AND CHARGE OF uS9/S16 CTT ARE CRITICAL FOR
EFFICIENT TRANSLATION INITIATION
CryoEM and X-ray structures of 40S ribosomal subunits complexed with tRNA (s)
and mRNA (Hussain et al., 2014, Lomakin and Steitz, 2013) showed that the last positively
charged uS9 C-terminal residue (Arg) contacts the initiator tRNA base-paired to AUG in
the P-site (Fig. 1.13). To investigate the significance of the charge and length of uS9 CTT,
we created a set of S. cerevisiae mutants (described above) (Fig. 2.1). To study the
importance of the length of CTT, we deleted the terminal Arg, the last two amino acids Tyr
and Arg as well as added an extra terminal Arg to create uS9/S16-R143D, uS9/S16YRDD and uS9/S16-R144 mutants, respectively. In order to study the role of the charge
(of Arg) at the CTT of uS9, we substituted the uS9 positively charged C-terminally
conserved arginine (R-143) with a negatively charged glutamic acid (mutant uS9/S16R143E) and with neutral glycine (mutant uS9/S16-R143G). We began our analysis by
comparing the growth rates of these uS9 mutants. All the mutants (except R143D
revealed a slow growth phenotype (Slg−) (Fig. 2.2A and 2.3A). We next wished to check
whether the Slg− phenotypes of the above strains could be associated with a defect in
general translation initiation (GTI). We thus performed sucrose density gradient
centrifugation analysis of cytoplasmic extracts prepared from the uS9/S16 (WT), R143G,
R143D, YRDD

R143E and R144 strains. Analysis of polysomes by sedimentation of

whole cell extracts through sucrose density-gradients revealed a reduction in polysome (P)
to monosome (80S) ratio (P:M) in all the mutants. with a significant decrease seen in
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uS9/S16-YRDD, uS9/S16-R143E and uS9/S16-R144 strains as compared to the wild-type
strain. Interestingly, the reduction was more severe in case of uS9/S16-YRDD (P:M=1.7)
and uS9/S16-R144 strain (P:M =1.46), compared to strains uS9/S16-R143G (P:M=2.8)
uS9/S16-R143D (P:M=2.51) and uS9/S16-R143E (P:M=2.31) (Fig. 2.2B and 2.3B). A
decrease in the P:M ratio is a characteristic phenotype of mutations that impair translation
initiation. This finding led us to conclude that the length of uS9 CTT seems to be a more
important determinant of efficient translation initiation, rather than the charge of the Cterminal residue per se. However, obviously, the charge seems to play an important role as
well. Interestingly, both uS9/S16-R143E (terminal positive charge is replaced by a negative
charge) and uS9/S16-R144 (hosting an extra positive charge) strains also revealed an
increased peak for 60S subunits, suggesting a possible defect in subunit joining (Eisinger
et al., 1997; Wong et al., 2011). This defect is not observed in uS9/S16-R143G, uS9/S16R143D and uS9/S16-YRDD strains.
2.4.2 TRANSLATION REINITIATION IS COMPROMISED IN uS9 MUTANTS
To further confirm the role of uS9 N and C-terminus in translation re-initiation, we
took advantage of GCN4 translational control, as it is a sensitive indicator of the rate of TC
binding to 40S ribosomes, and thus translation initiation efficiency in vivo. Regulation of
GCN4 translation is exerted via a reinitiation process involving four small upstream open
reading frames (uORFs) preceding the GCN4 ORF (Hinnebusch, 2005). Following
translation of the 5’ proximal uORF (uORF1) reinitiation depends on de novo recruitment
of the eIF2 TC, which is required to recognize the next AUG codon, and is thus exquisitely
sensitive to the eIF2.GTP level (for review, see Hinnebusch, 2005).
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To assess reinitiation in yeast strains expressing C-terminally modified versions of
uS9 created in this study, we assayed a GCN4-lacZ reporter (Fig. 2.4). Plasmids were
transformed into wild-type strain uS9/S16 and its isogenic derivatives uS9/S16-F46A,
uS9/S16-Y49G, uS9/S16-R143G, uS9/S16-R143D, uS9/S16-YRDD, uS9/S16-R143E and
uS9/S16-R144. To invoke amino acid starvation, cells were treated with 3-Amino-1, 2, 4triazole (3-AT) (an inhibitor of histidine biosynthesis). For the uS9 C-terminal mutants, the
b-galactosidase activities were measured under both permissive (nutrient rich) and nonpermissive (amino acid starvation) conditions. We found that truncations, mutations and
extensions of uS9 CTT substantially affect reinitiation as measured using p180 reporter
plasmid containing all four uORFs (Fig. 2.4A). GCN4-lacZ expression from p180 construct
was reduced by ~ 3-fold in uS9/S16-R143G, ~ 4-fold in uS9/S16-R143D, ~ 8-fold in
uS9/S16-YRDD, ~ 40-fold in uS9/S16-R143E and ~ 4-fold in uS9/S16-R144 as compared to
the WT strain (Fig. 2.8). We note that substitution of the uS9 C-terminal Arg with Glu
(uS9/S16-R143E) not only displayed almost complete abrogation of reinitiation induction,
but also reduced the basal level of reinitiation. Moreover, growth was also significantly
reduced in amino acid starvation conditions (Fig. 2.4B). These observations led us to
conclude that all the above uS9 CTT mutants exhibit a strong General control nonderepressible (Gcn−) phenotype (Hinnebusch, 2005). Hence, we performed a more
thorough analysis of the role of uS9 CTT in translation initiation and reinitiation, and
investigated the mechanism of Gcn− phenotype seen in these mutants (as seen in the
following chapters).
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2.4.3 RIBOSOME BIOGENESIS IS NOT IMPAIRED IN uS9 MUTANTS
Since uS9 is an essential protein for yeast survival (Ferreira-Cerca et al., 2005), we
wanted to ensure that the translation initiation defects (seen above) in the uS9 mutants were
not due to impaired biogenesis of the 40S subunit. To assess this, we analyzed the ratios of
25S:18S rRNAs in C-terminus uS9 mutants by extracting the total rRNA and running it on
an agarose gel. As shown in Fig. 2.5, the 18S/25S ratios remain unchanged in these strains
in comparison with WT. We thus concluded that the truncations, mutations and extensions
in the uS9 C-terminus region do not have any substantial effect on the biogenesis of small
subunit of the yeast ribosomes.
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Fig. 2.1 uS9 mutations introduced in the yeast strains. C-terminal end sequences of
the wild-type uS9 and uS9 C-terminal tail (CTT) mutants used in this study. Truncations,
additions and substitutions introduced in uS9 are boxed.
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A
uS9/S16
uS9/S16-R143G
uS9/S16-YR∆∆

B
uS9/S16
P: M = 2.91:1+ 0.01

uS9/S16-R143G

uS9/S16-YR∆∆

P: M = 2.8:1+ 0.006

P: M = 1.7:1+ 0.13

Fig. 2.2 The uS9 C-terminal tail is essential for translation initiation in yeast cells.
A) Growth of wild-type and uS9 CTT mutant yeast strains (uS9/S16 R143G and uS9/S16 YRDD). Cells
were grown for 36 h on solid YEPD agar medium containing 2% glucose. B) Translation initiation
defects in uS9 mutants. Ribosome profiles of wild-type and mutant yeast strains. Whole cell extracts of
the yeast strains were resolved by velocity sedimentation through 10–50% sucrose gradients. Fractions
were collected while scanning at A254. The positions of different ribosomal species are indicated. Ratios
of the area under the polysomal (P) and 80S (monosomal; M) peaks are shown (P:M) (mean + standard
error of the mean [SEM]).
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Fig. 2.3 The uS9 C-terminal tail is essential for translation initiation in yeast cells.
A) Growth of wild-type and uS9 CTT mutant yeast strains (uS9/S16 R143Δ, uS9/S16 R143E,
uS9/S16 R144). Cells were grown for 36 h on solid YEPD agar medium containing 2% glucose. B)
Translation initiation defects in uS9 mutants. Ribosome profiles of wild-type and mutant yeast
strains. Whole cell extracts of the yeast strains were resolved by velocity sedimentation through
10–50% sucrose gradients. Fractions were collected while scanning at A254. The positions of
different ribosomal species are indicated. Ratios of the area under the polysomal (P) and 80S
(monosomal; M) peaks are shown (P:M) (mean + standard error of the mean [SEM]).
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Fig. 2.4 Changes in the length and charge of the uS9 CTT cause defects in translation
reinitiation. A) Wild-type and mutant yeast strains were transformed with p180 GCN4-lacZ reporter
construct and assayed for GCN4 re-initiation efficiency using 3-AT. p180 contains the wild-type GCN4
mRNA leader (all four uORFs). β-galactosidase activity (units) were measured under normal (without
3AT) and amino acid starved (+3AT) conditions from three biological replicates of three technical
replicates each. B) Gcn- phenotypes of WT and uS9/rps16 mutant yeast strains. Yeast cell growth.
Serial dilutions of strains spotted onto minimal media under non-starved (-3-AT), or amino acid (aa)
starved conditions (+3-AT), respectively.
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Fig. 2.5 rRNA analysis from wt and mutant yeast strains. Total yeast RNA was
separated on a denaturing agarose gel and stained with ethidium bromide. The positions
of 25S and 18S rRNA species and the 18S/25S rRNA ratios are indicated.
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2.4.4 uS9 CTT MUTANTS CONFER DEFECTS IN RESUMPTION OF SCANNING
DURING GCN4 mRNA TRANSLATION IN VIVO
During the process of GCN4 mRNA translation initiation, uORF1 translation is
followed by a reinitiation (REI)-specific phase followed by a general translation initiationlike phase. The REI specific phase relies mainly on the ability of the 40S ribosomal
subunits to remain attached to the mRNA after uORF1 translation termination. This is
followed by recruitment of factors involved in resumption of ribosomal scanning on the
same mRNA (Szamecz et al., 2008). To evaluate the effect of uS9 CTT mutations on
resumption of scanning after uORF1 translation, we assayed a GCN4-lacZ reporter
containing uORF1 positioned 140 nt from the GCN4 AUG codon as the only uORF in the
leader (construct pM199; Fig. 2.6 and Fig. 2.9). A failure to resume scanning following
uORF1 translation is expected to lead to reduced expression of the pM199 construct. While
uS9/S16-R143G, uS9/S16-R143D and uS9/S16-YRDD strains did not show any significant
change in β-galactosidase expression from this construct compared to the wild-type strain,
uS9/S16-R143E and uS9/S16-R144 strains showed significant decreases of ~50-60% (Fig.
2.6 and Fig. 2.9). Thus a change in charge at the uS9 C-terminus (from a positive Arg to a
negative Glu in uS9/S16-R143E) or an increase in charge and length (uS9/S16-R144)
critically affects the scanning process. This could be due to failure of the 40S subunits to
remain attached to the GCN4 mRNA and/or impairment of their ability to acquire scanning
promoting factors (eIF1 and eIF1A) (Szamecz et al., 2008; Hinnebusch, 2011). The
delayed TC recruitment could not be completely ruled out as well. We also note that the
degree of defect from pM199 reporter in uS9/S16-R143E (~2-fold less than that in the wildtype), cannot alone account for its strong Gcn− phenotype (~ 44-fold less than wild-type)
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(Fig. 2.4A and Fig. 2.8). Besides, GCN4-lacZ expression from pM199 was not significantly
altered in uS9/S16-R143G, uS9/S16-R143D and uS9/S16-YRDD strains, though they also
displayed a Gcn− phenotype.
2.4.5 uS9 C-TERMINAL RESIDUES PROMOTE ACCURATE COGNATE AND
NON-COGNATE CODON RECOGNITION
As it is observed in Fig. 1.13 that the last two C-terminal residues of uS9 interact with
the initiator tRNA base paired to the AUG codon at P-site, we were interested to check if
these residues are indeed important for recognition of the start codon during scanning. uS9
mutants exhibit Gcn− phenotype (Fig. 2.4) and a possible defect underlying this phenotype,
could be the failure of the scanning 40S subunits to recognize the uORF1 AUG codon
(leaky scanning), with initiation at non-permissive uORFs 2-4 instead. Thus, to investigate
this, we assayed the GCN4-lacZ expression in whole-cell extracts (WCEs) from wild-type
and mutant cells harboring the pM226 reporter. This construct carries solitary uORF1,
extended to overlap the GCN4-lacZ coding region, destroying the ability of ribosomes to
reinitiate at GCN4 after terminating at the elongated uORF1 stop codon (Mueller, 1986).
Under these circumstances, GCN4 can be translated only by the ribosomes that had skipped
AUG recognition at uORF1. We observed that uS9/S16-R143G and uS9/S16-R144 mutant
strains display a considerably elevated β-galactosidase activity from pM226 construct
(~90- and 20-fold, respectively, in comparison with wild-type) (Fig. 2.7A and Fig. 2.9).
This suggests that these mutants exhibit a strong leaky scanning defect which can account
for their Gcn− phenotype (Fig. 2.4 and Fig. 2.8). Since uORF1 acts as a strong positive
regulator of translation initiation, the derepression defect in these mutants is exerted by
allowing a fraction of PICs, scanning from the m7G cap, to bypass this uORF. For uS9/S1660

YRDD, a moderate ~3-fold increase in GCN4-lacZ expression from pM226 was observed
(Fig. 2.7A and Fig. 2.9), which will make only a small contribution to its notably reduced
expression from p180 construct (~8-fold) (Fig. 2.4 and Fig. 2.8). Likewise, uS9/S16-R143D
and uS9/S16-R143E strains showed minimal GCN4 expression, deducing that only a
negligible amount of 40S ribosomes leaky scan the uORF1 AUG from these mutants, like
in wild-type (Fig. 2.7A and Fig. 2.9).
To further validate that the uS9 CTT modifications affect the stringency of start codon
selection during scanning, we measured the expression of HIS4-lacZ reporters containing
either AUG or UUG as the start codons. Remarkably, uS9 CTT mutations reduce the
initiation at both AUG and UUG codons. AUG recognition in uS9/S16-R143G and
uS9/S16-R143D strains is reduced to ~50% and 45%, respectively, whereas in uS9/S16YRDD, uS9/S16-R143E and uS9/S16-R144, it is even further decreased to approximately
26-27% of the wild-type (Fig. 2.7B and Fig. 2.9). This result corroborates the leaky
scanning defect seen above. Thus, we conclude that compromised AUG recognition (of
uORF1), is likely a possible reason for the Gcn− phenotype of uS9 mutants during
translation reinitiation. Moreover, UUG codon selection by uS9 mutants is found to be
even more dramatically affected than AUG recognition (Fig. 2.7C and Fig. 2.9). This
observation further supports the role of uS9 CTT in start codon selection, as a more severe
defect seen in UUG recognition in comparison with AUG by different uS9 C-terminal
mutations, would have been exacerbated by the already existing base pairing mismatch
between UUG codon and the anticodon of tRNAi. Thus, highly compromised cognate/noncognate codon recognition rates (along with the leaky scanning defect) in uS9 mutants,
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suggests that, positively charged terminal arginine and penultimate tyrosine of uS9 CTT,
are required for efficient start codon selection at the P-site, during the scanning mechanism
of translation initiation in yeast.
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Fig. 2.6 Changes in the length and charge of the uS9 CTT cause defects in resumption in
scanning during GCN4 translation. GCN4-lacZ reporter activity. Wild-type and mutant yeast
strains (uS9/S16-R143G, uS9/S16-R143Δ, uS9/S16-YRΔΔ, uS9/S16-R143E, uS9/S16-R144) were
transformed with pM199 containing only uORF1, which is 140 nucleotides away from the GCN4
ORF. β-Galactosidase activity (units) was measured under normal conditions (-3AT) and is shown
as the mean ± SEM from three biological replicates of three technical replicates each.
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Fig. 2.7.Changes in the length and charge of the uS9 CTT result in a leaky scanning
phenotype as well as compromised AUG and UUG codon recognition. A) GCN4-lacZ
reporter activity in wild-type and mutant yeast strains (uS9/S16-R143G, uS9/S16-R143Δ,
uS9/S16-YRΔΔ, uS9/S16-R143E, uS9/S16-R144) transformed with pM226 containing
uORF1extended into the GCN4 ORF. B) Activity of HIS4-LacZ reporter constructs harboring
AUG (B) or UUG (C) initiation codons following transformation into wild-type and mutant yeast
strains. Mean β-galactosidase activity ±SEM determined from three biological replicates of three
technical replicates each is shown.
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Fig. 2.8 Expression of reporter GCN4-lacZ constructs in WT and mutant yeast
strains. β-Galactosidase activity (units)/raw values as presented in Fig. 2.3A
measured under normal (-SM) and amino acids starved conditions (+SM) are shown.
The standard errors are shown in parentheses.
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Fig. 2.9. Expression of reporter lacZ constructs in WT and mutant yeast strains. βGalactosidase activity (units)/raw values as presented in Fig. 2.5 and Fig. 2.6 measured
under normal are shown. The standard errors are shown in parentheses.
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2.5 DISCUSSION
Several ribosomal proteins (e.g. uS7, uS9, etc) contribute to the formation of the tRNA
binding sites (A, P and E) on the ribosome (Wilson and Doudna, 2012). From the available
structural data and, in particular, of the yeast ribosomes, it is clear that uS9/S16 is located
on the solvent side of the small (40S) ribosomal subunit head and has a long protruding Cterminal tail (CTT) that contacts the initiator tRNA which is base-paired to AUG in the Psite (Ben-Shem et al., 2011) (Fig. 1.13). The high resolution structures of eukaryotic
ribosomal complexes have further revealed that the last C-terminal arginine (R-143)
residue of uS9 (that is invariably conserved in all kingdoms of life) interacts with the
negatively charged initiator tRNA at the P-site (Hussain et al., 2014; Lomakin and Steitz,
2013). Although it was found (using bacterial cell systems) that uS9 C-terminal tail may
be an important regulator of translation initiation fidelity (Arora et al., 2013), the
mechanism of its action was not evident and any such studies in eukaryotic cells are
lacking. To investigate the role of uS9 C-terminal residues in translation initiation, we
obtained a set of S. cerevisiae mutant strains in which uS9/S16 gene has been replaced with
mutant uS9 variants containing CTT deletions, extensions and/or substitutions of the Cterminal Arg to a negatively charged residues (Glu) (Fig. 2.1). Glycine and glutamate
substitution of R-143 (uS9/S16-R143G and uS9/S16-R143E), addition of an extra arginine
after R-143 (uS9/S16-R144) and truncation of only R-143 (uS9/S16-R143D) and both R143 as well as Tyr-142 (uS9/S16-YRDD), all confer a Slg− phenotype (Fig. 2.2A and Fig.
2.3A). This suggests that not only the length of uS9 C-terminal tail, but also the nature of
the (positive) charge at the terminal residue may play an important role in yeast cell
physiology, and likely in key steps of translation. Further, all the above mutant strains show
67

reduced rates of bulk translation initiation, as manifested by the increased levels of 80S
ribosomes and concomitant reduction of polyribosomes (Fig. 2.2B and Fig. 2.3B) with the
most significant defect seen in uS9/S16-R143E, uS9/S16-R144 and uS9/S16-YRDD strains.
The results of polyribosomal analysis were further corroborated by the analysis of
translation reinitiation defects. We demonstrated that again impaired GCN4 mRNA
translation in response to amino acid limitation is exhibited by all the five mutant strains
(uS9/S16-R143G, uS9/S16-R143D, uS9/S16-R143E, uS9/S16-R144 and uS9/S16-YRDD)
(Fig. 2.4 and Fig.2.8), even though the first two mutants did not show significantly reduced
bulk translation initiation (Fig. 2.2B and Fig. 2.3B). Since GCN4 mRNA translation
depends on efficient reinitiation at AUG of GCN4 ORF (after bypassing the inhibitory
uORFs 2-4 in the GCN4 mRNA leader), an unequivocal defect during this process in all
the uS9 mutants, clearly advocate for the importance of the positively charged terminal
arginine (and penultimate tyrosine) during translation initiation.
To understand the reason behind the defective phenotypes in uS9 mutants, we
performed in-depth analysis of different translation initiation steps by taking advantage of
in vivo and in vitro approaches. Insertion of an extra Arg at uS9 C-terminal end, gives rise
to most severe phenotypic defects of Slg−, Gcn− and reduced rate of bulk translation
initiation (Fig. 2.3, Fig. 2.4 and Fig. 2.8). This mutation (uS9/S16-R144) was further
analyzed using a panel of GCN4-lacZ reporters harboring different arrangements of
uORFs. As such, we have concluded that Gcn− phenotype of the uS9/S16-R144 mutant
likely arises due to: 1) inability of its 40S ribosomal subunits to resume scanning after
terminating translation at uORF1 (Fig. 2.6 and Fig. 2.9), and 2) failure to recognize the
AUG codon at uORF1 (leaky scanning) (Fig. 2.7A, Fig. 2.8 and Fig. 2.9). Whereas in the
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uS9/S16-R143E strain, defective resumption of scanning by 40S ribosomal subunits (after
translating uORF1) confer a Gcn− phenotype (Fig. 2.6, Fig. 2.8 and Fig. 2.9).
Compromised GCN4 mRNA translation in uS9/S16-R143G and uS9/S16-YRDD mutants
can be attributed to their strong leaky scanning phenotype (Fig. 2.7A, Fig. 2.8 and Fig.
2.9). Defective resumption of scanning in uS9/S16-R144 and uS9/S16-R143E is likely due
to an inability of the mutant 40S ribosomal subunits to remain attached to GCN4 mRNA
during reinitiation (Hinnebusch, 1996). These data suggest that the exact location of the
last uS9 CTT residue and the nature of its charge, are critical during scanning phase of
general translation initiation. The above findings therefore, are a testimony that the
positively charged C-terminal Arg of uS9 modulates binding of the TC to 40S subunits in
43S scanning preinitiation complexes.
Having observed the strong leaky scanning phenotype in uS9 mutants, we sought to
confirm the role of uS9 CTT in start codon recognition. HIS4-lacZ reporter assays
demonstrated a drop in the utilization of both cognate and non-cognate codons by all
mutant 40S subunits with uS9/S16-YRDD, uS9/S16-R143E and uS9/S16-R144 strains
exhibiting the most severe defects (Fig. 2.7B and C and Fig. 2.9). This is consistent with
our previous observations that most of the uS9 mutants show inefficient recognition of
uORF1 start codon during translation of the reporter GCN4 construct pM226 (Fig. 2.7A
and Fig. 2.9). Interestingly, uS9 mutations evoke a greater reduction in UUG versus AUGcodon initiation which is compatible with the fact that the UUG codon mismatches with
the anticodon of tRNAi, thus already disfavoring this event.
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CHAPTER III
THE uS9 C-TERMINAL TAIL MODULATES EVENTS SURROUNDING eIF2
BOUND GTP HYDROLYSIS UPON AUG RECOGNITION

3.1 ABSTRACT
Our previous data have shown that the mutations in the C-terminal residues of uS9
protein in yeast S. cerevisiae result in impaired translation initiation, reduced cell growth
and abrogated reinitiation mediated GCN4 translational control. Our results also showed
that the above defects can arise due to impaired scanning and defective AUG recognition
in these mutants. Here we provide evidence that mutations in the C-terminal tail of uS9 can
lead to accumulation of eukaryotic initiation factors (eIFs) on the small subunit, which are
normally released during conversion of 48S pre-initiation complex (PIC) into an elongation
competent 80S complex. We also show that many of these mutant phenotypes are mitigated
by SUI5 variant of eIF5 (TIF5-G31R), which is known to stimulate eIF2-bound GTP
hydrolysis upon start codon recognition. Further, our in vitro studies showed that the uS9
C-terminal residues also regulate GTP hydrolysis (from eIF2•GTP•Met-tRNAiMet
complex) to GDP and Pi. Summarily, our results show that the CTD of uS9 protein in yeast
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is critical for the efficient recruitment of the eIF2•GTP•Met-tRNAiMet ternary complex at
the P site, correct association/recruitment of other initiation factors such as eIF1 with the
small subunit and regulates GTP hydrolysis to GDP and Pi from eIF2•GTP•Met-tRNAiMet
complex.
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3.2 INTRODUCTION
Several eukaryotic initiation factors comprise the multifactor complex (MFC) that
stimulates various steps in assembly of the 48S pre-initiation complex (PIC) (Hinnebusch,
2014; Jackson et al., 2010). eIF1 ensures accurate start codon recognition by blocking Pi
release from eIF2•GDP•Pi and stabilizing an open, scanning-competent conformation of
the 40S ribosomal subunits at non-AUG codons. eIF2 is a heterotrimer (composed of a, b
and g subunits) that binds initiator Met-tRNAiMet and GTP to the 40S subunit in a ternary
complex, aided by the MFC (Hinnebusch, 2014). Further, hydrolysis of the GTP-bound to
the eIF2-ternary complex is mediated by eIF5 and proceeds to completion only when Pi is
released from eIF2 after start codon recognition. After the GTP hydrolysis step, eIF1 and
eIF2•GDP become dissociated from the 40S subunits, thus committing the 43S PIC to
begin translation at the selected codon (Hinnebusch, 2014). Thus, recognition of the start
codon at the P-site triggers dissociation of eIF1, complete hydrolysis of GTP, and
displacement of Pi and eIF2•GDP from 40S subunits, thus forming a stable 48S PIC
(Hinnebusch, 2014; Hinnebusch, 2011; Lomakin and Steitz, 2013). Our studies so far have
revealed that the uS9 mutants are inefficient not only in translation initiation events, but
also are unable to ensure proper translational control of GCN4 expression involving
reinitiation events. Analyses of lacZ expression in the wild-type and uS9 mutants from a
set of GCN4-lacZ and HIS4-lacZ reporters indicated a defect in scanning and AUG
recognition. In light of such results we wanted to check if uS9 CTT mutations cause
compromised association of initiaition factors with the 40S subunits. Our analysis revealed
a significant accumulation of eIF2a in the 43S/48S complex of uS9 mutants as compared
to the wild-type. The mutant also revealed accumulation of eIF1 as compared to the wild72

type. Interestingly, stimulation of eIF2•GTP hydrolysis by the SUI5 variant of eIF5 (TIF5G31R) complemented the mutant phenotypes such as Slg- and accumulation of eIF2a in
uS9 mutants. This evidence pointed to a defect in the eIF2•GTP hydrolysis step which was
further validated by using a reconstituted translation initiation system to measure eIF5stimulated GTP hydrolysis activity of eIF2 showing a reduced rate of GTP hydrolysis in
the mutant strains exhibiting most severe defective phenotypes (uS9/S16-YRDD, uS9/S16R143E and uS9/S16-R144).

73

3.3 MATERIALS AND METHODS
3.3.1 PLASMIDS AND CONSTRUCTS
pRS SUI3-S264Y-U plasmid (derivative of pRS316 (CEN, URA3)) harboring SUI3S264Y allele and YCp TIF5-G31R-U plasmid (derivative of YCplac33 (CEN, URA3))
harboring TIF5-G31R allele (Valášek et. al., 2004) were kind gifts of Dr. Leoš Valášek
(Institute of Microbiology, Academy of Sciences of the Czech Republic). Yeast strains
were transformed using protocol described previously (Ito et al., 1983). pTYB2 expression
vectors harboring genes for eIFs1, 1A and 5 were obtained from Addgene and used to
purify the initiation factors for GTPase assay (Algire et al., 2005; Acker et al., 2007).
3.3.2 POLYSOMAL ANALYSIS AND WESTERN BLOTTING
Fractionation of polyribosomes was done as described before (Galkin et. al., 2007;
Lumsden et. al., 2010) using 10-50% (17000 rpm., 18 h) and/or 10–30% (20000 rpm., 18
h) sucrose gradients and a Beckman SW32.1 rotor. All procedures were performed at 4°C.
Yeast cells from 50 ml of log phase culture were pelleted, treated for 10 min with 100
μg/ml cycloheximide and repelleted. Cell extracts were made by glass bead cell disruption
(3-5 cycles of 1 min each), with intermittent cooling on ice. The following buffer was used:
100 mM KCl, 2.5 mM magnesium acetate, 20 mM HEPES•KOH, pH 7.4, 14.4 mM βmercaptoethanol, 100 μg/ml cycloheximide. Cell debris was removed by centrifugation at
7000 rpm for 8 min and polyribosomes were resolved by sucrose density gradient
centrifugation as indicated. Gradients were collected using the ISCO Programmable
Density Gradient System with continuous monitoring at 254 nm using an ISCO UA-6
absorbance detector. Analysis of ratios of 80S monosomes to polyribosomes was done as
before (Lumsden et. al., 2010). Fractionation of cell extracts using formaldehyde cross74

linking was done as described by Nielsen and co-authors (Nielsen et. al., 2004). For
Western blotting, proteins collected from sucrose gradient fractions were precipitated with
10% cold trichloroacetic acid, washed with 100 mM Tris-HCl (pH 8.0) and acetone (1:5,
v/v), and solubilized in SDS sample buffer for 5 min at 94°C. Association of initiation
factors with 40S was assayed using a formaldehyde crosslinking procedure as described
previously (Ghosh et. al., 2014).
Western blotting was done following standard procedures (Towbin et. al., 1979;
Laemmli, 1970). The anti-uS7 antibody has been described previously (Lumsden et. al.,
2010). The anti-eIF2α (Dever et. al., 1995), anti-eIF1 (Nanda et. al., 2009) were kindly
provided by Drs. Thomas Dever and Alan Hinnebusch (National Institutes of Health). Goat
antirabbit HRP-conjugated antibodies and enhanced chemiluminescence detection kit
(ECLTM, GE Healthcare, Piscataway, NJ, USA) were used for detection. P-values were
calculated using student t-test comparing the wild type values with those for the mutants.
3.3.3 GTPase ASSAY
pTYB2 expression vectors harboring genes for eIFs-1,-1A and-5 were obtained from
Addgene and the respective proteins were purified as described in (24, 25). His-tagged
eIF2 was purified from the yeast strain GP3511 and 40S yeast ribosomal subunits were
isolated

as

described

in

(26).

The

model

mRNA

template(5’GAGAGAGAGAGAGAGAGAGAGCATAGAGAGAGAGAGAGATTCCT
ATAGTGAGTCGTATTACATATGCGTGTTACC-3’) and tRNAiMet were purchased
from IDT and tRNA probes, respectively. Manually quenched GTPase experiments were
conducted as follows: TC was prepared at 2X concentration by mixing 1X reaction buffer
(30 mM HEPES-KOH, pH 7.4, 100 mM KOAc, 3 mM Mg(OAc)2, 2 mM DTT) with 1.6
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µM eIF2, 1.6 µM Met-tRNAi, and 125 pM GTPg[32P] and incubating the mixture for 5
min at 26° C. Ribosomal complexes were prepared at 2X concentration by mixing 400 nM
40S ribosomal subunits, 1.6 µM (each) eIF1, eIF1A and eIF5, 2 µM model mRNA and 2
mM GDP disodium salt. For each time point, 2 µl of TC was mixed with 2 µl of ribosomal
complex for the desired time, after which 2 µl was removed and quenched into 6 µl of
quench/dye solution (90% formamide, 0.02% bromophenol blue and 100 mM of EDTA).
To quantify the extent of GTP hydrolysis, 15% polyacrylamide TBE gels were run to
separate GTPg[32P] from free 32Pi followed by PhoshorImager analysis.
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3.4 RESULTS
3.4.1

THE

uS9

C-TERMINAL

TAIL

MUTANTS

EXHIBIT

ALTERED

ASSOCIATION OF INITIATION FACTORS WITH 48S COMPLEXES
Several eukaryotic initiation factors comprise the multifactor complex (MFC) that
stimulates various steps in assembly of the 48S pre-initiation complex (PIC) (Hinnebusch,
2014; Jackson et al., 2010). eIF1 ensures accurate start codon recognition by blocking Pi
release from eIF2•GDP•Pi and stabilizing an open, scanning-competent conformation of
the 40S ribosomal subunits at non-AUG codons. Recognition of the start codon at the Psite triggers dissociation of eIF1, complete hydrolysis of GTP, and displacement of Pi and
eIF2•GDP from 40S subunits, thus forming a stable 48S PIC (Hinnebusch, 2014; Lomakin
and Steitz, 2013; Hinnebusch, 2011). eIF2 is a heterotrimer (composed of a, b and g
subunits) that binds initiator Met-tRNAiMet to the 40S subunit in a ternary complex, aided
by the MFC (Hinnebusch, 2014). To assess the role of the uS9 CTT in its interaction with
40S subunits with MFC components (particularly eIF1 and eIF2) to form 43S/48S PICs,
we used formaldehyde crosslinking to assess such interactions in vivo in wild-type and uS9
CTT mutant strains. After formaldehyde treatment, WCEs were resolved by sedimentation
through sucrose density gradients and the fractions were then analyzed by western blotting
using antibodies against eIF1, the eIF2a subunit of eIF2, and the 40S ribosomal subunit
protein uS7 (Fig. 3.1A). Western blot signals from fractions containing 43/48S PICs were
quantified and normalized to uS7 levels (Fig. 3.1B). While uS9/S16-R143G, uS9/S16R143E and uS9/S16-R144 strains showed ~2.5-3.0-fold increased association of eIF1 in
40S-containing fractions as compared to the wild type strain, eIF1-40S binding in uS9/S16R143D was slightly reduced (Fig. 3.1A and Fig. 3.1B). Similarly, we observed increased
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association of eIF2a with 40S subunits in all tested uS9 mutant strains. The increase in
eIF2-40S association seen in uS9/S16-R143D, uS9/S16-YRDD and uS9/S16-R144 (~2-3.0fold) was smaller than that in uS9/S16-R143E (~5.0-fold) (Fig. 3.1A and Fig. 3.1B). The
increased binding of eIF1 and eIF2a to 40S subunits seen in the uS9 mutants is consistent
with a disruption in the release of eIF1 and eIF2•GDP from the 48S PIC. This could be due
to failure of a primary translation initiation event; for example, inadequate formation of
scanning competent 43/48S PICs or defective start codon recognition (seen above).
Additionally, inefficient GTP hydrolysis or Pi release after encountering the AUG start
codon could also explain reduced eIF2•GDP and eIF1 dissociation from the 40S subunit.
3.4.2 THE C-TERMINALLY CONSERVED REGION OF uS9 IS ESSENTIAL FOR
eIF5-STIMULATED GTP HYDROLYSIS
Hydrolysis of GTP-bound to the eIF2-ternary complex is mediated by eIF5 and
proceeds to completion only when Pi is released from eIF2 after start codon recognition.
After the GTP hydrolysis step, eIF1 and eIF2•GDP become dissociated from the 40S
subunits, thus committing the 43S PIC to begin translation at the selected codon
(Hinnebusch, 2014). We reasoned that if the uS9 CTT has a role in eIF5-stimulated GTP
hydrolysis in the scanning complex prior to AUG recognition, the accumulation of
initiation factors like eIF2 and eIF1 on 40S subunits in uS9 mutants might be due to
compromised GTP hydrolysis. To test this, we first utilized the SUI5 mutant allele eIF5G31R, which has greater than wild type GAP function of eIF5 (Huang et al., 1997). We
expected that introducing this plasmid-borne SUI5 allele into our uS9 CTT mutant yeast
strains would suppress their defective phenotypes. Indeed, we previously observed that
introduction of SUI5 eliminated the Slg− phenotype of strain uS9/S16-YRDD (Ghosh et al.,
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2014). Here, expression of eIF5-G31R in strains uS9/S16-R143E and uS9/S16-R144
reversed eIF2 accumulation on 40S subunits (Fig. 3.2). These results support the possibility
of either delayed eIF2-bound GTP hydrolysis or defective Pi release from eIF2•GDP•Pi in
48S PICs during translation initiation in the uS9 CTT mutants.
To obtain further evidence that the uS9 CTT plays a role in GTP hydrolysis, we used a
reconstituted translation initiation system to measure eIF5-stimulated GTP hydrolysis
activity of eIF2 (Algire et al., 2005; Acker et al., 2007). uS9/S16-YRDD, uS9/S16-R143E
and uS9/S16-R144 strains were used in these experiments since they displayed the strongest
phenotypic defects (Slg−, Gcn−), and a reduced rate of bulk translation initiation; (Fig. 2.1,
2.2, 2.3 and 2.7, +3AT) among our panel of uS9 mutant strains (Table 3.1). To perform the
GTPase assay, initiation factors (1, 1A and 5) were expressed from the pTYB2 plasmid
and purified using the IMPACT system as described in in (Algire et al., 2005; Acker et al.,
2007) (Fig. 3.3A). His-tagged eIF2 was purified from yeast strain GP3511 and 40S yeast
ribosomal subunits were isolated as described in (Algire et al., 2002) (Fig. 3.3A and 3.3B).
PICs were preassembled containing eIF1, eIF1A, eIF5 and a model mRNA with AUG as
the start codon (as described (Algire et al., 2005)). TC assembled with GTPg [32P] was
added to the PICs to initiate the reaction and aliquots were quenched at different time points
using EDTA. GTPase activity was monitored by measuring conversion of [g-32P] GTP into
GDP and

32

Pi (separated by 15% PAGE and analyzed by phosphorimager). It should be

noted that the GTP hydrolysis reaction assayed in this manner corresponds to the fast phase
with cleavage of GTP to produce GDP and Pi. Our data showed that PICs assembled with
wild-type uS9 hydrolyzed GTP with a rate constant of 14.0 × 10-3 s-1 (Fig. 3.4, black curve).
Introduction of additional Arg residue at the uS9 C-terminus (uS9/S16-R144) or deletion
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of its last two residues (uS9/S16-YRDD) decreased the rate constant for GTP hydrolysis to
8.4 × 10-3 s-1 (Fig. 3.4, pink curve) and 8.2× 10-3 s-1 (Fig. 3.4, red curve), respectively.
Substitution of the terminal arginine with a negatively charged glutamate (uS9/S16-R143E)
further decreased the rate constant to 5.6 × 10-3 s-1 (Fig. 3.4, blue curve). Thus, altering the
length or the charge of the uS9 CTT adversely affected the rate of GTP hydrolysis during
translation initiation.
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A

uS9/S16-R143E

uS9/S16

B

Fig. 3.1 Association of eIF1 and eIF2α with 40S ribosomal subunits in wild-type and
mutant yeast strains. Extracts from isogenic wild-type and mutant strains were resolved by
sucrose density gradient (10–30%) sedimentation. A) Western blot analyses were performed
using antibodies against eIF1, eIF2α and the ribosomal protein uS7/S5. Lanes marked ‘In’ for
input contained a 7% portion of each gradient fraction. Analysis of eIF1 and eIF2α_association
was done using whole cell extract cross-linking with formaldehyde. B) Association of eIF1 and
eIF2 with 40S subunits was quantified and expressed as a percentage of 40S binding normalized
against uS7.
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Table 3.1 Summary of translation initiation defects in uS9 mutants. The table shows a
comparison of the translation initiation defects between wild-type and uS9 mutants yeast strains
from different assays (seen above). Defects from the respective assays are accordingly color coded.
The mutants with most severe defects (uS9/S16-YRΔΔ, uS9/S16-R143E, uS9/S16-R144) are boxed.
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<TIF5-G31R>

Fig. 3.2 The uS9/S16 C terminal region is important for eIF5-stimulated GTP hydrolysis.
Introduction of the TIF5-G31R allele reverses accumulation of eIF2α on uS9 mutant 40S ribosomal
subunits. Association of initiation factor eIF2α with 40S subunits in uS9/S16-YRΔΔ, uS9/S16R143E, uS9/S16-R144 (left panel) and uS9/S16-YRΔΔ <TIF5-G31R>, uS9/S16-R143E<TIF5G31R>, uS9/S16-R144 <TIF5-G31R> (right panel) yeast strains. Western blot analysis of
individual fractions with antibodies against eIF2 and uS7 is shown. ‘In’ for input -represents a 7%
portion of each gradient fraction.
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Fig. 3.3 Purification of eukaryotic initiation factors and yeast 40S subunits. (A) Yeast initiation
factors eIFs 1, 1A, 2, and 5 were purified as described, and analyzed and visualized by SDS-PAGE
and Coomassie blue stain. Individual subunits are identified for multisubunit factor eIF2. The
positions of relevant mmolecular weight markers are included for comparison. (B) Absorbance of
sucrose gradient after ultracentrifugation of separated 40S small ribosomal subunit. Western blot
of the purified 40S sample showing the presence of small subunit ribosomal protein uS7.
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Fig. 3.4 The uS9/S16 C terminal region is important for eIF5-stimulated GTP hydrolysis.
GTP hydrolysis by eIF2 with wild-type and mutant yeast 40S subunits.
40S•eIF1•eIF1A•mRNA (AUG) complexes were assembled in the presence of eIF5 and mixed
with TC to initiate the GTP hydrolysis reaction.
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3.5 DISCUSSION
Further evidence supporting a role for the uS9 CTT in 48S PIC formation was the
demonstration of increased association of eIF1 and eIF2 with 40S ribosomal subunits (Fig.
3.1). Increased accumulation of eIF1 and eIF2 was observed in the majority of the mutants
with uS9/S16-R143E and uS9/S16-R144 showing the highest levels of accumulation (Fig.
3.1). eIF1 and eIF2 are known to be displaced from the initiation complex after
establishment of correct codon-anticodon base pairing (Hinnebusch, 2014). Hence, it is
conceivable that increased amounts of eIF1 and eIF2 bound to 40S ribosomal subunits
could arise from an upstream defect in scanning by the preinitiation complex such as AUG
recognition (discussed above) or GTP hydrolysis (Kapp and Lorsch, 2004; Pisarev et al.,
2006). Overall, our data so far show that the optimal CTT length and positive charge of R143 are required for proper formation and function of 43/48S PICs.
According to the current model of scanning initiation, binding of the 43S complex to
mRNA accelerates structural rearrangement allowing GTPase activating protein (GAP) to
stimulate GTP hydrolysis on eIF2 and establishment of an internal equilibrium between
GTP and GDP•Pi. eIF1 does not inhibit GTP hydrolysis itself but regulates release of Pi
from eIF2•GDP•Pi. As soon as the correct start codon–anticodon base pairing is
established, conformational changes accompany eIF1 release, which further regulates the
release of Pi from eIF2•GDP•Pi (Hinnebusch, 2014; Algire et al., 2005). Once GTP is
hydrolyzed irreversibly, the affinity of eIF2 for Met-tRNAiMet is reduced, leading to partial
dissociation of eIF2•GDP from 40S subunits (Kapp and Lorsch, 2004; Pisarev et al., 2006).
Thus, accumulation of eIF1 and eIF2 bound to 40S subunits in the tested uS9 mutants (as
described above) implies restricted GTP hydrolysis and/or Pi release with a delay in the
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conformational rearrangement from the open/ POUT configuration to the closed/ PIN state.
Preliminary evidence suggesting a role of the uS9 CTT in GTP hydrolysis is that the Slg−
phenotype (Ghosh et al., 2014) and accumulation of eIF2 on 40S ribosomal subunits
observed in uS9/S16-YRDD, uS9/S16-R143E and uS9/S16-R144 mutants were both
mitigated by introducing the dominant SUI5 allele encoding eIF5-G31R into these strains
(Fig. 3.2). This (eIF5-G31R) variant acts as a GAP and also regulates gated Pi release from
eIF2•GDP•Pi (Saini et al., 2014). If uS9 CTT mutations impair GTP hydrolysis and/or Pi
release in the scanning complex, then it could be proposed that introducing eIF5-G31R into
the above mutants restores a near wild type rate of GTP hydrolysis that accounts for the
suppression of uS9 mutant phenotypes by SUI5. GTPase assays using a fully reconstituted
yeast initiation system containing eIFs (1, 1A, 2 and 5) and a model mRNA provided
support for this hypothesis. Deletion of the last two CTT residues or substitution/addition
of the terminal arginine by glutamate and arginine respectively, led to a reduced rate of
GTP hydrolysis (Fig. 3.4). It should be noted that this assay is extremely sensitive. It was
previously shown that an eIF5-R15M GAP mutant didn’t activate GTP hydrolysis even
when used much above physiological concentrations (Algire et al., 2005). Thus, we
propose that the uS9 CTT is involved in events surrounding eIF5-stimulated GTP
hydrolysis within the eIF2•GTP•Met-tRNAiMet complex. However, since this assay cannot
distinguish between “irreversible hydrolysis” in which Pi has been released and “internal
hydrolysis” in which an equilibrium between GTP and GDP•Pi has been established but Pi
has not yet been released, whether uS9 CTT mutations affect gated Pi release in the PIC
remains unclear. Although it is conceivable that during structural rearrangement
(accelerated due to binding of the 43S complex to mRNA (Algire et al., 2005)) the uS9
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CTT might be involved in stabilizing the transition state for GTP hydrolysis, a role in gated
Pi release from eIF2•GDP•Pi cannot be ruled out. Support for the latter possibility includes
the observation that expressing eIF5-G31R in uS9 CTT mutants reversed the accumulation
of eIF2 on native 40S subunits, which might not appear unless Pi was released to allow
eIF2•GDP to dissociate from the 40S complex. We note, however, that while the overall
consequences (impaired initiation and reinitiation, compromised GTP hydrolysis) of the
uS9 mutations under investigation could be well documented, the exact contribution of
each particular mutation to the observed phenotypes will require detailed structural analysis
of the molecular environment of the uS9 CTT in the mutant strains.
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CHAPTER IV
THE uS9 C-TERMINAL RESIDUES ARE CRITICAL DURING TRANSLATION
ELONGATION PHASE

4.1 ABSTRACT
The C-terminal tail (CTT) of uS9 protein reaches the mRNA cleft and contributes to
the molecular environment of the ribosomal P-site. To check its role during the translation
elongation phase, the uS9 CTT mutants were tested for translation fidelity and efficiency.
Our data shows that deletions/extensions and/or substitution of the C-terminal Arg (of uS9)
with the negatively charged Glu or neutral Gly exhibit decreased programmed ribosomal
frameshifting (PRF) efficiency than the wild-type. Deletion of the last two residues at the
tail resulted in increased resistance to anisomycin (an antibiotic that prevents elongation
by blocking peptide bond formation), and reduced polyribosomal association of eEF1A.
We hypothesize that the C-terminally conserved residues of the uS9/S16 may also ensure
correct placement of eEF1A•GTP•aa-tRNA ternary complex at the decoding center, and
regulated GTP hydrolysis during elongation phase of translation. Therefore, we propose

89

that uS9 CTT is critical for proper control of the complex interplay of events surrounding
accommodation of initiator and elongator tRNAs in the P- and A-sites of the ribosome.
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4.2 INTRODUCTION
During the elongation phase of the translation process, A-site of the ribosome carries
the next codon of the open reading frame (ORF) which accepts the corresponding aa-tRNA,
is delivered by the elongation factor eEF1A in complex with GTP (Dever and Green, 2012;
Wilson and Doudna, 2012). Correct codon-anticodon base pairing triggers GTP hydrolysis
by eEF1A, followed by release of the factor and accommodation of the aa-tRNA into the
A-site (Dever and Green, 2012). Subsequently, the P-site peptidyl-tRNA forms a peptide
bond and the ratcheting movement of the ribosome triggers translocation by moving tRNAs
into the hybrid P/E and A/P states. Thus, the P-site is critical for several functions not only
during initiation but for elongation phases as well (Dever and Green, 2012; Wilson and
Doudna, 2012; Hinnebusch, 2014). It should be mentioned that the A-, P- and E-sites are
formed by both ribosomal RNA (rRNA) and ribosomal proteins, the later of which appear
to play important roles in decoding, accommodation and stabilization of tRNAs (Wilson
and Doudna, 2012). Here we further propose that the uS9 CTT plays an important role in
ensuring the efficiency and fidelity of elongation since elimination of the last two residues
of the CTT resulted in increased resistance to anisomycin (an antibiotic that prevents
elongation by blocking the peptide bond formation), decreased programmed ribosomal
frameshifting (PRF) efficiency, and reduced polyribosomal association of eEF1A. It has
been previously reported that an eEF1A mutant (N153T) which displays enhanced
resistance to anisomycin like drug (preussin) and decreased PRF efficiency, also exhibits
stimulated intrinsic GTPase activity (Cavallius and Merrick, 1998; Goss et al., 2002). Thus,
we hypothesize that in addition to its role in initiation, the C-terminally conserved residues
of the uS9/S16 may also ensure correct placement of eEF1A•GTP•aa-tRNA ternary
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complex at the decoding center, and regulated GTP hydrolysis during elongation phase of
translation. Overall, this and our previous data indicate that the uS9 CTT (its length and
the nature of its C-terminal residues) has evolved to control the complex interplay of events
surrounding accommodation of initiator and elongator tRNAs at the P- and A-sites of the
ribosome.

92

4.3 MATERIALS AND METHODS
4.3.1 PLASMIDS AND CONSTRUCTS
Programmed -1 and +1 frameshifting test reporters containing L-A (pJD376), Ty1
(pJD377), or Ty3 (pJD379) frameshift signals between the Renilla and firefly luciferase
genes (Harger and Dinman, 2003; Harger and Dinman, 2004) were provided by Dr.
Jonathan D. Dinman (University of Maryland). All luciferase reporter plasmids were
transformed into wild-type and mutant strains and grown on minimal YNB medium.
4.3.2 LUCIFERASE ASSAY
Luciferase activity was measured using a dual luciferase assay kit (Promega Madison,
WI, USA) as described by Dinman and co-authors (Harger and Dinman, 2003; Harger and
Dinman, 2004; Jacobs and Dinman, 2004). Two sided p-values were calculated (Student’s
t-test).
4.3.3 CELL GROWTH ASSAY
For antibiotic sensitivity assays, overnight yeast cultures were diluted to OD600 = 0.3
and 300 μl of the resulting suspensions were plated onto YPED plates. Five millimeter
diameter wells were created in the center of the plates and 20 μl of 1 μg/ml anisomycin
solution was applied to the wells. The plates were then incubated at 30° C for 3 days and
the diameters of growth inhibition zones around the antibiotic well were measured. At least
three independent assays were performed.
4.3.4 POLYSOMAL ANALYSIS AND WESTERN BLOTTING
Fractionation of polyribosomes was done as described in Galkin et. al., 2007;
Lumsden et. al., 2010 using 10-50% (17000 rpm.,18 h) sucrose gradients and a Beckman
SW32.1 rotor. All procedures were performed at 4°C. Yeast cells from 50 ml of log phase
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culture were pelleted, treated for 10 min with 100 μg/ml cycloheximide and repelleted. Cell
extracts were made by glass bead cell disruption (3-5 cycles of 1 min each), with
intermittent cooling on ice. The following buffer was used: 100 mM KCl, 2.5 mM
magnesium acetate, 20 mM HEPES•KOH, pH 7.4, 14.4 mM β-mercaptoethanol, 100 μg/ml
cycloheximide. Cell debris was removed by centrifugation at 7000 rpm for 10 min and
polyribosomes were resolved by sucrose density gradient centrifugation as indicated.
Gradients were collected using the ISCO Programmable Density Gradient System with
continuous monitoring at 254 nm using an ISCO UA-675 absorbance detector. For Western
blotting, proteins collected from sucrose gradient fractions were precipitated with 10% cold
trichloroacetic acid, washed with 100 mM Tris-HCl (pH 8.0) and acetone (1:5, v/v), and
solubilized in SDS sample buffer for 5 min at 94°C.
Western blotting was done following standard procedures (Towbin et. al., 1979;
Laemmli, 1970). Anti-eEF1A antibodies (ED7001) were obtained from Kerafast. The antiuS7 antibody has been described previously (Lumsden et. al., 2010). Goat anti-rabbit HRPconjugated antibodies and an enhanced chemiluminescence detection kit (ECLTM, GE
Healthcare, Piscataway, NJ, USA) were used for detection.
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4.4 RESULTS
4.4.1 THE uS9 C-TERMINAL MUTANTS EXHIBIT REDUCED PROGRAMMED
RIBOSOMAL FRAMESHIFTING
Since the uS9 CTT occupies the P-site, we hypothesized that it might be involved in
translation elongation as well as initiation. One important aspect of elongation is the
maintenance of translational fidelity, which ensures the production of full-length,
functional proteins. To test whether changes in the uS9 CTT affect translation fidelity, we
used a bicistronic dual-luciferase reporter construct containing frameshift signals between
the Renilla and firefly luciferase genes such that firefly luciferase can only be produced in
the event of a frameshift (Harger and Dinman, 2003; Harger and Dinman, 2004). Ty1 and
Ty3 retrotransposon-derived frameshift signals produce +1 frameshifting, while L-A virusderived signals produce -1 frameshifting (Fig. 4.1).
Plus one (+1) frameshifting happens when translating ribosomes slip one base in the
3' direction. In the context of an elongation cycle, the slip can occur when the P-site is
occupied during a ribosomal pause and A-site is empty (i.e., after translocation and before
attachment of aa-tRNA in complex with eukaryotic elongation factor 1A (eEF1A) to the
A-site) (Harger et al., 2002; Belcourt and Farabugh, 1990; Farabugh et al., 1993).
Interestingly, decreased +1 programmed ribosomal frameshifting (PRF) was observed in
our uS9 CTT mutant yeast strains for both Ty1 and Ty3 signals (Fig. 4.2A and B, Fig. 4.3
and 4.4). uS9/S16-R144, uS9/S16-R143E, and uS9/S16-R143G strains showed a moderate
but a clear decrease (~2.0-4.0-fold), whereas uS9/S16-R143D and uS9/S16-YRDD showed
more substantial decreases (~10-15-fold and ~30-fold respectively). These results suggest
that the uS9 CTT plays an important role during translocation at the P-site.
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In contrast to +1 PRF, -1 PRF occurs when translating ribosomes slip by one base in
the 5' direction and involves both A- and P-sites, occupied by cognate tRNA during a
ribosomal pause (Harger et al., 2002; Brierley, 1995; Dinman, 1995). During an elongation
cycle, -1 frameshifting occurs after delivery of the cognate aa-tRNA to the ribosome and
prior to the peptidyl transfer step (Goss et al., 2002). Using the dual-luciferase reporter
containing an L-A virus-derived frameshifting signal, we found that -1 PRF was decreased
in all uS9 mutant strains and that the relative degree of the effect in different mutant strains
was similar to that observed for +1 PRF (Fig. 4.2C, 4.3 and 4.4). Thus, uS9/S16-R144,
uS9/S16-R143E, and uS9/S16-R143G strains displayed moderate decreases (~1.5-5.0-fold)
while uS9/S16-R143D and uS9/S16-YRDD strains exhibited more significant decreases of
~45- and ~30-fold, respectively, compared to the wild-type strain.
4.4.2

THE

uS9

MUTANT

RIBOSOMES

EXHIBIT

RESISTANCE

TO

ANISOMYCIN
It is known that the efficiency of -1 PRF can be severely affected by alterations in the
accommodation step of translation, i.e., active insertion of the 3' end of the aa-tRNA into
the ribosomal A-site by eEF1A (Goss et al., 2002). Therefore, we wanted to check if the
accommodation step was affected by mutations in the uS9 CTT. Since anisomycin is an
antibiotic that inhibits translation by blocking the accommodation step (Goss et al., 2002;
Dinamn and Kinzy, 1997), we reasoned that sensitivity or resistance to anisomycin in uS9
mutants would indicate decreased or increased accommodation efficiency, respectively.
Indeed, in disk agar diffusion susceptibility assays, the two strains with the most severe
defects in frameshifting (uS9/S16-R143D and uS9/S16-YRDD) showed increased resistance
to anisomycin compared to the wild-type strain (Fig. 4.5).
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4.4.3 THE uS9 MUTANT RIBOSOMES EXHIBIT REDUCED ASSOCIATION OF
eEF1A
Given that eEF1A delivers aa-tRNA to the A-site and thereby promotes its
accommodation, we looked at the polyribosomal association of eEF1A in uS9/S16-YRDD
(the uS9 mutant strain demonstrating the highest level of anisomycin resistance). Western
blot analysis showed decreased eEF1A association with polyribosomes in this strain
(Fig.4.6). Correct codon recognition by the A-site-tRNA, triggers hydrolysis of GTP by
eEF1A, followed by release of the factor and aa-tRNA accommodation at the A-site (Dever
and Green, 2012). Increased rates of GTP hydrolysis by eEF1A will not only cause
diminished eEF1A association with polyribosomes, but should also lead to higher aa-tRNA
accommodation rates which would in turn elicit increased anisomycin resistance and
reduced -1 PRF (Fig. 4.2C, 4.3 and 4.5). Therefore, our data suggest an additional role for
the uS9 CTT in the elongation phase of translation: recruitment of the ternary complex
(eEF1A•GTP•aa-tRNA) to the A-site and promotion of its intrinsic GTPase activity.
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Fig. 4.1 Sequences of the frameshift reporter vectors.( Top panel) A schematic
of the dual-luciferase cassette subcloned into p416 ADH is pictured. Transcription of the
dual-luciferase cDNA is driven by the ADH1 promoter and proper 3’end formation is facilitated
by the CYC1 terminator.( Bottom panels) The sequences of the programmed frameshift signals
subcloned into the pYDL series of plasmids are shown. The control plasmid (pYOLcontrol)
contains polylinker sequence only and firefly luciferase is in the same reading frame as Renilla
luciferase.The predicted reading frame of the mRNA before and after a programmed frameshift
is indicated by the spaces. The viral sequences were subcloned into the Bam HI and Sac I sites of
the polylinker region between the Renilla and firefly cDNAs. The heptanucleotide slippery sites
for each signal and restriction sites used for cloning are indicated in boldface (Harger and Dinman,
2003).

98

Fig. 4.2 Reduced translation elongation fidelity in mutant yeast strains. Wild-type (WT) and
mutant yeast strains were transformed with A) Ty1 (+1 frameshift reporter plasmid), B) Ty3 (+1
frameshift reporter plasmid), and C) L-A (-1 frameshift reporter plasmid). Dual luciferase assays
were performed and programmed frameshifting (PRF) efficiencies were calculated as described
in Materials and Methods. Mean efficiencies (relative to WT) determined from at least three
independent experiments are plotted with bars representing standard errors. The statistical
significance of differences in signals between mutant and WT strains is indicated.
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Fig. 4.3 Relative values of reporter frameshift L-A (pJD376), Ty1 (pJD377) and
Ty3 (pJD379) constructs expression in WT and mutant yeast strains. Values as
presented in Fig. 4.1. The standard errors are shown in parentheses.
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Fig. 4.4 Expression of reporter frameshift L-A (pJD376), Ty1 (pJD377), Ty3
(pJD379) constructs and a control pJD375 construct (not containing any
frameshift signals) in WT and mutant yeast strains. Firefly and Renilla
luciferase activities (units)/raw values are shown (for the values presented in Fig.
4.2). The standard errors are shown in parentheses.
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A

B

Fig. 4.5 Antibiotic resistance shown by uS9 mutant yeast ribosomes. Anisomycin resistance
phenotypes of wild-type (WT), uS9/S16-R143Δ and uS9/S16-YRΔΔ mutant yeast strains.
Overnight yeast cultures were diluted to OD 600 = 0.3, and 300 μl of the resulting suspensions
were plated onto rich medium. A 0.5 cm diameter well was created sterilely in the center of the
plate and filled with 20 μg anisomycin. Plates were incubated at 30°C for 3 days and the
diameters of growth inhibition zones were monitored (A) and plotted as bar graphs (B).
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Fig. 4.6 Reduced eEF1A association of uS9 mutant yeast ribosomes. A) Cell extracts
were resolved by velocity sedimentation on 7%–50% sucrose gradients. Fractions were
collected while scanning at A254 nm, resolved by SDS-PAGE and analyzed by Western
blotting using antibodies against eEF1A and uS7. The positions of different ribosomal
species are indicated. B) Association of eEF1A with polysomes was quantified and
expressed as percentage.
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Fig. 4.7 Proposed model for uS9 C-terminal tail involvement in initiation and elongation
processes in eukaryotes. A) Initiation: Left - under wild-type conditions, proper positioning of the
AUG start codon in the P-site is influenced by the correct location of the uS9 CTT and the charge of
the last C-terminal positively charged Arg. The CTT triggers efficient eIF2-bound GTP-> GDP + Pi
hydrolysis, followed by optimal dissociation of eIF1 and eIF2 from the 48S complex. Right – Reversal
of the CTT C-terminal charge (red, uS9/S16-R143E mutant) and/or addition of an extra Arg (positive
charge) (blue, uS9/S16-R144 mutant) results in inefficient GTP hydrolysis and compromised release
of eIF1 and eIF2 from the complex. The severity of the effects of each mutation are reflected in the
thickness of the dashed lines (thicker lines represent more severe defects while thinner lines represent
less severe defects). B) Elongation: Left - under wild-type conditions, the uS9 CTT mediates
cooperation between the ribosomal P- and A-sites, promoting efficient eEF1A-mediated GTP
hydrolysis and tRNA accommodation, followed by optimal dissociation of eEF1A. Right – deletions
(uS9/S16-YRΔΔ mutant) and/or mutations in the CTT reduce cooperation between the P- and A-sites
and result in more stringent tRNA selection/accommodation during elongation accompanied by
enhanced eEF1A bound GTP-hydrolysis and dissociation of eEF1A from elongating 80S ribosomes.
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4.5 DISCUSSION
The uS9 CTT mutations evaluated in this study, all reduced +1 (Ty1 and Ty3) and -1
(L-A) programmed ribosomal frameshifting (PRF), with the most severe effects observed
in uS9/S16-YRDD and uS9/S16-R143D strains (Fig. 4.1, 4.2, 4.3 and 4.4). Interestingly, the
increased fidelity observed in these experiments was contrary to the reduced fidelity
exhibited by the same mutants during studies of translation initiation (Fig. 2.6 and 2.8).
Since +1 frameshifting takes place after translocation at the P-site and before
accommodation at the A-site (Harger et al., 2002), reduced +1 PRF in uS9 mutants could
occur because of incomplete translocation, suggesting a possible role for the uS9 CTT in
modulating P-site tRNA positioning during the elongation cycle. On the other hand, -1 PRF
occurs only after the delivery of aa-tRNA at the A-site or completion of the accommodation
step (Harger et al., 2002). Anisomycin resistance and reduced association of eEF1A to
polyribosomes (Fig. 4.5 and 4.6) correlated with severely compromised -1 PRF efficiency
in the uS9/S16-YRDD mutant strain. One possible explanation for this observation is that
GTP hydrolysis during the elongation phase is altered in this mutant. Increased rates of
intrinsic or facilitated GTP hydrolysis in this mutant could account for increased aa-tRNA
accommodation rates and thus resistance to anisomycin. Increasing the intrinsic ability of
eEF1A to accommodate the aa-tRNA into the A-site of the peptidyl transferase center by
the mutant uS9 would overcome the blocks imposed by anisomycin at this step and would
eventually lead to dissociation of eEF1A from the ribosomes (as seen in Fig. 4.6). In
addition, increasing aa-tRNA accommodation rates would decrease the amount of time that
ribosomes would be paused at the -1 frameshift signal, decreasing the likelihood of
slippage and the rate of -1 PRF. Similar effects have been observed in an eEF1A mutant
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(N153T) with increased GTPase activity, reduced -1 PRF and increased resistance to
anisomycin like antibiotic (Cavallius and Merrick, 1998; Goss et al. 2002).
Our combined genetic and biochemical analysis of uS9 CTT mutants demonstrated
that during translation initiation, the appropriate length and charge of the uS9 CTT are
critical for a number of events downstream of 43S and 48S complex assembly, particularly
recruitment of the TC, scanning, AUG recognition, and GTP hydrolysis at the P-site (Fig.
4.7A). Whether this region of uS9 is directly involved in each of the above processes or
affects an initial upstream event influencing the remaining downstream steps is unclear at
this stage. Furthermore, we found that the uS9 CTT is also important during the elongation
phase of translation, possibly regulating translocation at the P-site and tRNA
stabilization/accommodation with GTP hydrolysis at the A-site (Fig. 4.7B). It is important
to mention that while uS9 CTT mutations clearly reduce the fidelity of initiation, their
effects on elongation are opposite as they increase the stringency of decoding. Therefore,
the uS9 CTT may operate through distinct mechanisms during initiation and elongation
phases, potentially due to formation of different sets of contacts with initiator tRNA vs
elongator tRNAs (Fig. 4.7). In this context, increased GTPase activity in uS9 CTT mutant
strains during elongation makes sense, which contrasts with the reduced GTP hydrolysis
seen during initiation. Overall, the results of this study suggest that the uS9-CTT has
evolved specifically to increase the fidelity and efficiency of initiation rather than fidelity
during elongation.
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